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A via Notch é uma via de sinalização conservada, que desempenha um papel fundamental 
em vários processos celulares tais como renovação de células estaminais, divisão e diferenciação 
celular e apoptose. Em mamíferos, encontram-se descritos quatro recetores e cinco ligandos da via 
Notch, cuja interação se dá através dos seus domínios extracelulares, causando uma ativação da 
transcrição de diferentes genes alvo. A elevada expressão dos ligandos da via Notch tem sido 
detetada em vários tipos de cancro, incluindo o cancro da mama, o que sugere que estas proteínas 
representam possíveis alvos terapêuticos. 
O principal objetivo deste trabalho foi gerar proteínas alvo de boa qualidade e, recorrendo à 
tecnologia de phage display, selecionar anticorpos inibidores de função específicos para os ligandos 
da via Notch. O Phage Display é uma poderosa técnica que permite gerar anticorpos altamente 
específicos para fins terapêuticos, e já mostrou ser um método muito fiável para a identificação e 
validação de novos alvos relacionados com o cancro. Adicionalmente, pretendíamos resolver a 
estrutura tridimensional dos ligandos Notch isolados e em complexo com os anticorpos selecionados. 
Neste trabalho, foi primeiramente otimizada a expressão e purificação de um mutante do 
ligando Delta-like 1 de humano (hDLL1-DE3) através do refolding de corpos de inclusão de E.coli. 
Para confirmar a atividade biológica da proteína produzida foram realizados estudos funcionais que 
revelaram que o tratamento com a proteína hDLL1-DE3 levou a uma modelação da transcrição de 
genes alvo da via Notch. Numa segunda fase deste estudo, por phage display, foram gerados 
fragmentos de anticorpo (Fabs) específicos para a hDLL1-DE3 utilizando a proteína produzida como 
alvo, dos quais o melhor Fab foi selecionado para determinar as melhores condições de expressão. 
Paralelamente, múltiplas condições de cristalização foram testadas para a proteína hDLL1-DE3 
purificada, mas até à data nenhuma gerou um resultado positivo. 
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Notch is a conserved signalling pathway, which plays a crucial role in a multiple cellular 
processes such as stem cell self-renewal, cell division, proliferation and apoptosis. In mammalian, four 
Notch receptors and five ligands are described, where interaction is achieved through their 
extracellular domains, leading to a transcription activation of different target genes. Increased 
expression of Notch ligands has been detected in several types of cancer, including breast cancer 
suggesting that these proteins represent possible therapeutic targets. 
The goal of this work was to generate quality protein targets and, by phage display 
technology, select function-blocking antibodies specific for Notch ligands.  Phage display is a powerful 
technique that allows the generation of highly specific antibodies to be used for therapeutics, and it 
has also proved to be a reliable approach in identifying and validating new cancer-related targets. 
Also, we aimed at solving the tri-dimensional structure of the Notch ligands alone and in complex with 
selected antibodies. 
In this work, the initial phase focused on the optimization of the expression and purification of 
a human Delta-like 1 ligand mutant construct (hDLL1-DE3), by refolding from E. coli inclusion bodies. 
To confirm the biological activity of the produced recombinant protein cellular functional studies were 
performed, revealing that treatment with hDLL1-DE3 protein led to a modulation of Notch target 
genes. In a second stage of this study, Antibody fragments (Fabs) specific for hDLL1-DE3 were 
generated by phage display, using the produced protein as target, in which one good Fab candidate 
was selected to determine the best expression conditions. In parallel, multiple crystallization conditions 
were tested with hDLL1-DE3, but so far none led to positive results. 
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Over the past 30 years Notch signalling knowledge has grown in an exponential way. This 
pathway, discovered almost a century ago, is known for its crucial influence in metazoan development 
and effect on many cellular processes like differentiation, proliferation and apoptosis. Given the impact 
of the Notch in cell-fate it is normal to think that any mutation within this pathway will cause great 
disturbance. In fact, there are several diseases related with an abnormal function of Notch signalling. 
 1.1 Notch signalling 
1.1.1 Notch discovery- a story about a fly’s wing 
In 1914, investigators of Thomas Morgan´s group described a mutation in Drosophila that 
originated several serrations on the fly’s wing and they named the mutant Notch (Dexter et al., 1914). 
This study contributed to the development of the genetic field and provided a link between 
development biology and genetics. Many years later, in the first Notch review Morgan Ted Wright 
emphasized its important role: “If one was asked to choose the single most important genetic variation 
concerned with the expression of the genome during embryogenesis in Drosophila melanogaster, the 
answer would have to be the Notch locus” (Wright, 1970). Studies concerning the Notch pathway have 
been growing over the years and nowadays there are many groups working to increase the knowledge 
in this interesting and vast field. 
 
1.1.2 Notch signalling pathway 
 Notch pathway is crucial during embryonic development and it is also involved in stem-cell 
maintenance and regulation of homeostasis in adult’s tissues (Artavanis-Tsakonas et al.,1999; 
Gridley, 1997, 2003). This canonical pathway has two main groups of players: Notch receptors and 
Notch ligands. The first are cell-surface proteins capable of transducing short-range signals when 
interacting with ligands present on neighbouring cells. There are four receptors in mammalian, namely 
Notch 1-4. On the other hand, five ligands are described for mammalian – Delta-like 1, 3 and 4 (DLL1-
4), Jagged 1 and 2 (Jag1 and Jag2), all part of the DSL (Delta, Serrate, LAG-2) family (Kopan and 
Illagan, 2009). 
Canonical signalling requires a direct communication between the Notch receptor and its 
ligand, and since the two are present in adjacent cells, physical cell contact is required to trigger signal 
transduction. So, in order to have a productive signalling the presence of two distinct cell-types is 
necessary, some expressing the Notch receptors – signal receiving cells, and others expressing DSL 
ligands - signal sending cells (Kopan and Illagan, 2009). However, frequently, two adjacent cells may 
express both the ligand and the receptor, and in this particular situation it is the ratio between the 
number of functional ligands and receptors in the cell that determines its fate. As such, cells 
expressing more ligands become a signal-sending cell, whereas the ones that express more receptor 
become the signal-receiving cells (Gibert and Simpson, 2003; Heitzler and Simpson, 1991). The 
mechanisms underlying this differentiation remain unclear, although some studies about cis-inhibitory 
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interactions between the receptor and the ligand suggest that both may be related (Sprinzak et al., 
2010).  
After its synthesis in the endoplasmic reticulum (ER), the Notch receptor is cleaved by protein 
convertases (Furin-processing) in site 1 (S1), originating a heterodimeric protein that is linked by non-
covalent interactions (Logeat et al., 1998). In the Golgi, the receptor can be glycosylated, by glycosyl–
transferases (e.g. Fringe), and it is the glycosylation pattern acquired that will be responsible for 
determination of the subsequent response to different ligands (Kopan, 2012). The heterodimeric 
protein generated by Furin-processing interacts with DSL ligands and induces a conformational 
change in the Notch extracellular domain. This allows the proteolytic cleavage of the whole domain by 
protease ADAM10 (A Disintegrin and A Metalloprotease) at site 2 (S2) (Brou et al., 2000). Then, 
gamma-secretase (γ-secretase) cleaves Notch in its transmembrane domain (S3), leading to the 
release of the Notch intracellular domain (NCID) and its migration to the nucleus where it will activate 
the transcription of several target genes (e.g. genes from hairy/enhancer of split (HES) family) (Iso and 
Hamamori, 2003; Lubman et al., 2004; Borggrefe and Oswald., 2009). For that purpose, NCID 
promotes the release of the repressor (Co-R) and forms transcriptional complexes with 
Deoxyribonucleic Acid (DNA)-binding factor CSL (C-promoter binding factor 1 (CBF-1), suppressor of 
hairless (Su(H)), lin-12 and glp-1 (Lag-1)) and the coactivator Mastermind, therefore allowing gene 
transcription, which is dependent on the cellular context (Cave, 2011; Petcherski and Kimble, 2000; 
Wu et al., 2000) (Figure 1.1).  
 
Figure 1.1 - Notch signalling pathway. The first step is the interaction between the ligand and the receptor 
present in adjacent cells. Next, three proteolytic events occur on Notch receptors, at S2 and S3, by the action of 
ADAM and γ-secretase enzymes, respectively. The last cleavage releases the NCID that is released and 
translocates into the nucleus to activate gene transcription. This activation occurs when the NCID promotes the 
release of the repressor (Co-R) and allows the formation of an activation complex constituted by Mam and DNA-




NCID contains a Proline, Glutamate, Serine and Threonine rich Sequence (PEST) that marks 
the polypeptide to rapid degradation (Fryer et al., 2004). For that reason, canonical Notch pathway 
activation does not result in large signal amplification because cleavage, dissociation and destruction 
of the receptor occurs during transduction. Thus, unlike other systems, in Notch signalling there is a 
linear response between the receptor activation and transcript activation (Wang et al., 2011a).Recent 
studies emphasize the role of the signal-sending cell (expressing the DSL ligands), suggesting that 
processing of ligands and endocytosis (into the signal-sending cell) of the receptor/ligand complex are 
required for signalling activation (Ahimou et al., 2004; Klueg and Muskavitch, 1999; Nichols et al., 
2007). 
1.1.3 Structural features of Notch and its canonical ligands 
Mammals have four Notch receptors (Notch 1-4) that are large single-pass type I 
transmembrane proteins (Figure 1.2). All Notch proteins present an extracellular domain with 29-36 
tandem epidermal growth factor like repeats (EGFs) that can be calcium binding domains thus 
influencing signalling productivity (Raya et al., 2004). Moreover, these repeats have been described 
as being very important for structure and affinity determination of Notch in ligand binding (Cordle et al., 
2008b). The EGFs are followed by a negative regulatory region (NRR) composed by three cysteine-
rich Lin12-Notch repeats (LNR) and a heterodimerization domain (HD). The NRR region plays a 
crucial role in inhibiting Notch activation in the absence of ligands. Next to the NRR region is the 
transmembrane domain (TMB) followed by the NICD. The last contains a Rbp-associated Molecule 
(RAM) domain that is linked to seven intercellular ankyrin (ANK) repeats by a long and unstructured 
linker containing a nuclear localization sequence (NLS). Right after the ANK domain is an extra 
nuclear localization sequence (NLS) and a transactivation domain (TAD). In the C-terminal, a PEST 
sequence is present and it is responsible for regulation of NCID stability (Figure 1.2) (Kopan and 
Illagan, 2009). 
Notch ligands or DSL ligands are characterized by the presence of a domain called DSL 
(Delta, Serrate, and Lag2). Like mentioned above, there are five DSL ligands in mammalian classified 
based on Delta and Serrate of Drosophila. Therefore, for mammalian the ligands are nominated as 
Delta-like (DLL1, DLL3 and DLL4) and Serrate (Jagged) – like (Jag1 and Jag2) (Kopan and Illagan, 
2009), and they are all type I transmembrane proteins (Figure 1.2). Although the intracellular domains 
(ICD) of the Notch ligands present a very low sequence homology (Pintar et al., 2007), all ligands 
share a common organization of their extracellular domains that includes an N-terminal (NT) domain 
followed by the DSL domain and tandem EGFs. These last domains (EGFs) can, in certain situations, 
be considered calcium binding domains (Figure 1.2) (D’Souza et al., 2010). Several studies reported 
that mutations in some residues of the DSL domain lead to a loss in Notch signalling, proving that this 
domain is essential for ligand-receptor binding (Henderson et al., 1994, 1997; Tax et al., 1994). 
However, in 1999 Shimizu and his collaborators proved that the DSL domain is required, but not 
sufficient, for ligand interactions with the receptor. There is also a special motif that plays a key role in 
Notch binding, that is present in the first two EGFs and is named DOS (Delta and OSM- 11- like 
proteins) (Cordle et al., 2008a). Canonical ligands have another conserved domain that seems 
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important for function – NT domain. This domain is subdivided into two regions, N1 and N2, being N2 
involved in ligand membrane association and endocytosis (Hamel et al., 2010). 
 
 
Experiments designed for the assessment of Notch-ligand interactions with Notch receptors 
and Jag1 have assigned the minimal binding regions necessary to activate signalization. Initially it was 
proved that EGFs 11 and 12 of the receptor are necessary and sufficient to bind the ligand (Rebay et 
al., 1991). However, other studies revealed that EGFs 25-26 probably interact with EGFs 11-13 
keeping Notch in its basal state in an inactive form (Sharma et al., 2013). Regarding the DSL ligands 
minimal binding region it was shown that DSL to EGF2 regions of Jagged1 are critical for binding to 
Notch2, in a saturated and Ca
2+
 dependent-manner, using two different techniques: a solid-phase 
binding assay, and a cell based binding assay, using both receptor and ligand mutated forms (Shimizu 







Figure 1.2 - A. Human Notch receptor’s domains - A. Human Notch receptor’s domains  Figure 1.2- Illustration of Notch receptors and liga ds domains. A. Notch receptors’ domains. All receptors 
share the same domains that are included in NECD (Notch extracellular domain) and NICD (Notch intracellular 
domain).The EGF-like repeats vary from 29 to 36 and regarding the following domains, the receptors share the 
same structure  NRR (negative regulatory region) that includes three LNRs (cysteine-rich LNR repeats – in red) 
and an HD (heterodimerization domain); TMD (transmembrane domain) followed by the NCID that is composed 
by an RAM domain, an ANK : (ankyrin repeat domain - in purple), a NLS (nuclear localizing sequences) and finally 
a PEST domain (region rich in proline (P), glutamine (E), serine (S) and threonine (T) residues). B. Notch ligands‘ 
domains. Ligands are grouped into two categories, Serrate-like (Jagged1, Jagged2) and Delta-like (Dll1, Dll3, 
Dll4). Ligands share the N-terminal domain, the DSL (Delta/Serrate/LAG-2) domain and the EGF-like repeats. 
Jagged1 and Jagged2 contain a cysteine-rich domain and together with Delta-like 1 ligand they have two DOS 
(Delta and OSM-11-like proteins) domains. Figure from Yavropoulou et al., 2015. 
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1.1.3.1 Structural insights  
In 2004, the first structure of a Notch1 receptor fragment was solved by NMR (Hambleton et 
al., 2004) and four years later a crystal structure of the same region (EGF11-13) was determined 
(Cordle et al., 2008a). Regarding the Notch ligands, Jag1 structure was the first one to be solved by 
Cordle and his collaborators, and the x-ray structure published comprised only the minimal binding 
region. The authors showed that this fragment with four domains adopts a rod-shaped conformation, 
like the one previously reported for the receptor Notch1 (Cordle et al., 2008a). Recently, a second 
structure of the same ligand was solved with the receptor-binding region together with the Module N-
terminal domain (MMNL) (Chillakuri et al., 2013).This year, Kershaw and co-authors solved the DLL1 
N-terminal section containing DSL and EGF1-6 domains, which can now be analysed in close 
comparison to Jag1 (Kershaw et al., 2015).  
In Figure 1.3 it is possible to visualize the similarities between the structures, which are 
characterized by poor secondary structure content and an extended conformation (except for EGF5-6 
of Dll1). These proteins are composed mostly by β-sheets and loops and present a conserved 





in the minimal binding region (EGF11-13)
 
and, similarly Jag1 structure presents a Ca
2+
 
that binds to the N-terminal region. The N-terminal is a C2 phospholipid recognition domain that binds 
phospholipid bilayers in a calcium-dependent manor and mutations in this region can lead to a 
reduction in Notch activity (Chillakuri et al., 2013). Also, the comparison between DLL1 and Jag1 
structures reveals that the C2 domains are different, suggesting probable different lipid binding 
properties.  
 
 Figure 1.3 - Structures obtained for Notch receptor and Notch ligands. (images obtained using PyMol tool 
where the blue domains represent the N-terminus and the red domains represent the C-terminus). A. Notch 
EGF11-13 structure published by Cordle et al (PDB 2VJ3); B. Jagged 1 EGF1-3 structure, containing a N-
terminal C2 domain published by Chillakuri et al (PDB 4CC0); C. Delta-like EGF1-6 structure, also containing 
the N-terminal C2 domains, published by Kershaw et al (PDB 4XBM). The dashed blue circle signalizes the 
fucose binding site and the orange sphere represents the Ca
2+




1.1.4 Post-translational modifications 
             
1.1.4.1 Ubiquitination 
Notch ligands levels at cell surface are regulated by ubiquitination which is also crucial for 
signalling activity. Two E3 ligases - Neuralized (Neur) and Mind bomb (Mib), interact with ICDs of 
Notch ligands and influence Notch signalling by ubiquitination of these ligands in the lysine residues, 
leading to consequent endocytosis and degradation. Studies performed in Drosophila support the idea 
that Neur-induced endocytosis functions to stimulate ligand signalling activity (Deblandre et al., 2001; 
Lai et al., 2001; Pavlopoulos et al., 2001; Yeh et al., 2001).   However, studies in mice did not show 
the same results, suggesting that the mammalian homolog of Neur is probably not essential for Notch 
signalling, and other reports proved that other E3 ligases play this role in mammalian. For example, it 
was proved that Mib ubiquitinates DLL1 and enhances its endocytosis. Nevertheless, this ligase is not 
capable of reversing the cis-inhibitory effects of the DLL1 ligand in receiving-cells (Koo et al., 2005). 
Interestingly, Song and his collaborators found that in mammalian cells, Mib is the E3 ligase that 
triggers the ligand endocytosis and activates the signalling pathway. On the other hand, Neur is a 
downstream ligase of Mib that promotes directly the lysosomal degradation of ligands and regulates 
their levels (Song et al., 2006).  
 
1.1.4.2 Glycosylation 
O and N-glycosylation occurs in conserved sequences of Notch receptors and ligands, in 
specific EGF- like repeats. Until now, only O-fucose and O-glucose modifications were related with 
effects on Notch signalling, while N-glycan additions do not appear to have an impact in normal 
function of this pathway (Panin et al., 2002). Also, glycosylation of the ligands does not appear to be 
involved in signalling activity. 
 
1.1.5 Notch signalling and disease 
Given that the Notch pathway is involved in the development of tissues and organs, it is not 
surprising that its malfunction is connected to many diseases. It was first associated with T-cell acute 
lymphoblastic leukaemia (T-ALL) in 1991 and since then it has been linked to a large variety of 
pathologies, like Alagille syndrome, a hereditary human disease caused by mutations in one of the 
ligands of Notch receptor - Jag1 (Li et al., 1997). 
 
1.1.5.1 Notch as an oncogene 
T-ALL is an aggressive type of cancer that generally affects children and teenagers. In 1991, 
when the first case of T-ALL concerning Notch1 was studied, the authors proposed that the normal 
Notch gene is involved in normal lymphoid development, but its rearranged form may be related with 
transformation and progression of some of these neoplasms (Ellisen, 1991). Nowadays, it is known 
that the Notch1 receptor is fundamental for the development of T cell progenitors (Koch et al., 2001), 
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and the growth of T-ALL cell lines that lack chromosomal translocation depend on Notch transducing 
signals. Moreover, more than a half of T-ALL cases are related to Notch1 mutations involving the 
PEST domains (Weng et al., 2004b). Also, this oncogenic function of Notch receptors has been 
extended to solid tumours and it was possible to link both receptors and ligands to neoplasms 
development or progression (vanEs et al., 2005; Koch and Radtke, 2007; Demehri et al., 2009, Mittal 
et al., 2009). Despite the many evidences that link Notch pathway to an oncogenic behaviour, in some 
cases the scenario can be totally different. In murine skin models, it was observed that Notch1 had a 
tumour suppressor effect (Radtke and Raj, 2003). This observation corroborates with the idea that 




The process by which new blood vessels are formed from an existing net of vessels is called 
angiogenesis. It is complex and it starts with a stimuli, and the primary driver of angiogenesis are cells 
under conditions of hypoxia. These cells secrete many proangiogenic factors and the best studied is 
the vascular endothelial growth factor (VEGF) (Sharma et al., 2011). Notch is important to maintain 
the vascular homeostasis, by repressing the proliferation of endothelial cells. In response to VEGF 
levels, tip cells (non-proliferative cells) begin to express high levels of DLL4 that activates Notch 
signalling in adjacent cells (Claxton and Fruttiger, 2004). Stalk endothelial cells that have a highly 
proliferative capacity, downregulate the VEGF receptors´ expression in response to Notch activation, 
and consequently, inhibit excess formation of sprouts that allow new vessels to grow. On the other 
hand, Jag1 does the opposite and stimulates new vessels growth, antagonizing DLL4 action (Benedito 
et al., 2009). Since DLL4, Jag1 and Notch1 are involved in vasculature formation and homeostasis it is 
normal that aberrant expression of any of these genes plays an important role in tumour progression 
and survival, which makes these proteins good therapeutic targets. Blockage of Notch signalling using 
a DLL4 antibody led to regression in different types of tumours (Noguera-Troise et al., 2006; Ridgway 
et al., 2006). However, other studies proved that long-term inhibition of Notch signalling can have bad 
consequences to the organism (Wu et al., 2010).  So, probably, Notch inhibition has different effects 
depending on the type of tumour. Finally, several findings suggest that the Notch pathway may have a 
role helping the tumour to adapt to the hypoxic environment present in cancer, through interaction with 
hypoxia inducible factor-1 alpha (HIF-1α), whose regulation promotes cells adaptation to low oxygen 
levels (Gustafson et al., 2005; Saison and Harris, 2006). 
 
1.1.5.3 Cancer stem cells 
Cancer stem cells (CSCs) are a sub-population of cells with highly proliferative potential and 
self-renewal ability. Their division is asymmetric, giving rise to stem cells and differentiated cancer 
cells (Li et al., 2014). CSCs have also a great invasive capacity and apparent resistance to many 
cancer treatments, and have been associated to metastatic events and relapse of some patients 
(Creighton et al., 2009; Singh et al., 2014).  
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Notch receptors 1 and 4 have been described as more activated in CSCs of breast cancer 
(Weng et al., 2004a). Other studies proved that Jag1 is an inducer of stem cells phenotype and the 
main ligand in Notch signalling activation of CSCs, in different types of cancer, including breast cancer 
(Li et al., 2014).  
 
1.1.5.4 Breast cancer 
In our days, breast cancer represents the most common cause of death from cancer in women 
all over the world. Because it has a lifetime risk of one in nine and its incidence continues to increase, 
many efforts in the science field have been taken trying to find out what triggers this type of cancer, in 
order to develop efficient treatments. Recently, several groups have linked abnormal expression of 
Notch signalling receptor and ligands to breast cancer. Mittal and his team showed that a crosstalk 
between Notch and Ras/mitogen activated protein kinase (MAPK) signalling pathways apparently 
leads to a poor prognostic of the patients (Mittal et al., 2009). Moreover, Notch has been related to the 
invasive behaviour of cancer cells. Breast cancer metastases in the bones are the most common 
ones, leading to severe fractures and pain, among other complications (Mundy et al., 2002). The 
linkage of Jag1 and transforming growth factor beta (TGF-β) pathways is able to create a positive 
feedback loop between tumour and bone cells promoting osteolytic bone metastasis (Sethi et al., 
2011). Another important feature of metastatic behaviour is the Epidermal - to - mesenchymal 
transition (EMT), phenomena that occurs during development, but can be reactivated by cancer cells. 
EMT is described as being important for tumour metastasis and progression, in which Notch may play 
a critical role. It can modulate down regulation of E-cadherin by TGFβ and, consequently interfere with 
normal cell-cell adhesion (Timmerman et al., 2004; Zavadil et al., 2004). 
 
1.1.5.5 Notch inhibition as a treatment for cancer 
 Normally, it is easier to develop inhibitors against enzymes. As mentioned before, in the 
canonical Notch pathway, there are two proteolytic steps where enzymatic reaction occurs, first with 
alpha-secretase complex and second with γ-secretase complex. So, investigators have designed 
small molecules in order to inhibit Notch signalling, and gamma-secretase inhibitors (GSIs) were the 
first to be used in research and clinic. However, these molecules are not very specific since gamma-
secretase interacts with other targets like E-cadherin, nectin-1 alpha or even APP (amyloid precursor 
protein). On the other hand, if we think that these targets are also described as candidates for cancer 
therapy, maybe the use of GSIs can, in fact, be very helpful (Purow et al., 2012). However, the lack of 
specificity of GSIs and consequent inhibition of other pathways, as well as their ability of blocking both 
Notch1 and Notch2, has been associated with intestinal toxicity (vanEs et al., 2005). To better 
understand the role of both receptors and create less toxic inhibitors, Wu and his team have 
developed antibodies against Notch1 and Notch2 receptors using the phage display technology. Co-
crystallization of these highly specific antibodies with both receptors, revealed the therapeutic potential 




1.2 Phage display: antibodies development 
In 1985, Smith presented for the first time the phage display technology (Smith et al., 1985). 
This technique uses genetic engineering of filamentous bacteriophages to display peptides and 
proteins (e.g. antibody fragments) at their surface. The DNA of interest is cloned into a specific region 
of the bacteriophage’s genome resulting in the “display” of proteins or peptides at the surface, in 
fusion with one of the phage coat proteins (Azzazy and Highsmith, 2002). By carrying out several 
rounds of selection against a target it is possible to develop in vitro a specific antibody fragment that 
can after be reformatted into a complete monoclonal antibody (mAb) and further used in diagnosis, 
research and/or therapeutics (Barbas et al., 2004; Lee et al., 2007).      
 1.2.1 The antibody molecule 
Antibodies (Abs) play a crucial role in immune response by targeting antigens for destruction 
by other cells. They are “Y-shaped” glycoproteins part of immunoglobulins (Ig) family and are divided 
into five classes: IgG (γ), IgM (µ), IgA (α), IgD(δ) and IgE(ε), being IgG the most abundant antibody in 
the serum. These five classes share the same structure with two heavy chains (HC) with at least 50 
kilo Daltons (kDa) each and two light chains (LC) with 25 kDa each. The LCs can be subdivided into 
two forms, known as kappa (κ) and lambda (λ), and these are linked to each HC by a disulfide bond. 
HCs are linked between them by several disulfide bonds. The HC and LC connection generates the 
Ab molecule, which is joined by a flexible polypeptide chain – the hinge region (Murphy, 2011; Delves 
et al., 2006). 
The Ab class or isotype is defined according to the constant region carboxy-(C) terminal of 
HC, which determines the biological function of the Ab. On the other hand, the variability of the Ab is 
present in the region composed by the first 100 amino acids, in the amino-(N)-terminal regions of both 
LC and HC, and this constitutes the variable (V) region of an Ab molecule. Inside, there are 
hypervariable regions, often referred as complementary determining regions (CDRs), divided into 
three segments - CDR1, CDR2 and CDR3, and these are the regions responsible for Ab specificity. 
The remaining portions of the V region are called the framework regions (FR) and are less variable 
than the CDRs. As for the constant (C) region it is referred as CL for light chain and CH for heavy 
chain. It presents a similar sequence between Abs of the same class, and the HCs can contain three 
or four domains namely CH1, CH2, CH3 and CH4 (Murphy, 2011; Delves et al., 2006; Elgert, 2009). 
The Ab molecule is composed by two distinct fragments. The first results from the non-
covalent interaction of VL with VH, and CL with CH1, originating the “antigen binding Fragment” (Fab), 
which contains the antigen binding activity. The other is the “crystallisable Fragment” (Fc), and is 
composed by the remaining CH regions (CH2 and CH3). This portion is responsible for the interaction 




















From the genetic point of view, each HC is encoded by four gene segments: VH, DH, JH and 
CH, while the LC is encoded by VL, JL and CL segments. The combination of the VH-DH-JH with the VL-JL 
regions creates the paratope which is the antigen-binding region and recognizes a single site of the 
antigen – the epitope (Azzazy and Highsmith, 2002). Diversity is achieved through a highly regulated 
and ordered process called V(D)J recombination that occurs during B cells development. 
Rearrangement of the DH-to-JH segments of the HC is the first step in V the (D)J recombination 
process. Next, the VH-to-DHJH rearrangement occurs on precursor B cells giving rise to the VDJH HC 
genes that bind to the CH gene. Finally, the VL-to-JL rearrangement takes place, by binding to the CL 




Figure 1.4 - Antibody structure. The antibody is divided into two chains (heavy and light chain) which have two 
regions: the variable and the constant regions. In the centre of the molecule there is the hinge region, 
represented here as “papain cleavage site”. Papain is an enzyme that digests the molecule and divides it into 





Figure 1.6 - Representation of antibody structure and fragments. Figure from Joosten et al., 2003. 
  
1.2.2 Generation of an antibody library 
The first step of phage display is the generation of an antibody library. Different libraries 
include libraries for Ig isotypes (e.g., IgG, IgA, and IgE) or libraries of mAbs – Fab fragments or single-
chain variable fragments (scFv) (Figure 1.6) (Hammers and Stanley 2013). 
 
 
Library preparation begins with the collection of messenger Ribonucleic acid (mRNA) from a 
cell source, like peripheral blood mononuclear cells. After isolation, the mRNA is converted into 
complementary DNA (cDNA) and the VH and VC genes are amplified by Polymerase Chain Reaction 
(PCR). The DNA amplification is achieved using sets of primers that are specific for all the conserved 
 
Figure 1.5 - The V(D)J recombination. The process begins with the rearrangement of the VDJ fragments of the 




V-genes of the IgG repertoire of a given individual (Hammers and Stanley 2013). Libraries can be 
divided into “single pot” and immune, depending if the donor was previously immunized with the 
antigen or not. “Single-pot”¨ libraries include naïve, semi-synthetic and synthetic libraries, and are 
designed to produce Ab against a large number of antigens (Hoogenboom, 2005; Shirrmann et al., 
2011). Immune libraries are constructed using IgG mRNA of B cells from an immunized donor. These 
libraries are enriched in Abs specific for the chosen antigen, allowing the selection of high-specific 
antibodies with small libraries (Bazan et al., 2012; Hoogenboom et al., 1998). However, the use of 
immune libraries can be a very laborious process when the goal is to produce specific Abs against 
distinct targets, since it is necessary to create a new library for every antigen, although more 
comprehensive sources are often used i.e. donors in specific conditions with high expression of 
diverse targets (e.g. cancer patients) (Watkins and Ouwehand, 2000). 
 
1.2.3 Filamentous bacteriophages and phagemid vectors 
Bacteriophages are viruses that can infect Gram-negative bacteria through interaction of Fl 
filamentous phage particles with the bacterial F Pili receptor. These phages express around 2700 
copies of gene 8 protein (g8p or pVIII), often called “the major capsid protein”, and 3 to 5 copies of the 
gene III (g3)-encoded adsorption protein (g3p or pIII). Ab fragments produced by phage display are 
normally fused to g3p and, consequently displayed at the surface of the phage (Figure 1.7) (Azzazy 













Cloning of the Ab fragments fused with g3p protein is often achieved using phagemids that 
contain both M13 phage and Escherichia coli (E.coli) origins of replication, the g3p gene (gene III), 
appropriate multiple cloning sites and an antibiotic resistance (Mead and Kemper, 1998). 
Nevertheless, phagemids differ from phage vectors since they lack the rest of the genes required to 
produce a complete phage, so in this case a helper phage is needed. Helper phages like M13KO7 or 
Figure 1.7 - M13 use in phage display. In wild type M13 (WT) the single-stranded DNA (ssDNA) codifies for 
both capside proteins – pIII and pVII.  In phage display   phagemid vectors can be used, i.e. like pComb3X 
bearing the gene of interest (D) fused to gene III, but lacking gene VIII, that is provided later by the helper phage 
essential for phage replication. Figure from Hammers and Stanley, 2013.  
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VCSM13 contain and supply all the remaining genes necessary to generate the phage particles 
(Figure 1.7), and once they are built inside the bacteria (e.g. E.coli TG1) they are secreted (Azzazy 
and Highsmith, 2002).  
 
1.2.4 Pannings 
Following the library construction, it is necessary to screen against the chosen target. This 
technique is called panning and is characterized by several rounds of phage binding to the target 
(antigen), washing to eliminate the non-binders, elution to recover the binders and re-amplification of 
the eluted phages in E.coli (the TG1 bacterial strain is normally used in this step) (Figure 1.8). In each 
round, the phage pool from the previous round is used for selection. Normally, a depletion step using a 
non-target is performed before the selection step to retain the non-specific binders. After three or four 
rounds of selection the phage population is enriched with highly specific clones that can be detected 
by phage Enzyme-Linked Immunosorbent Assay (ELISA) (Barbas et al., 2004). This technique allows 
the detection of the clones that express Fabs specific for the antigen. It begins with antigen coating, 
incubation of the phage pool with the coated antigen, and washing of the non-binders. Detection is 
commonly carried out using an antibody against the major capsid protein (M13) conjugated with an 
enzyme (e.g. Peroxidase). Eventually, if the antibody used in non-conjugated a second incubation with 

























The first goal of this thesis is to optimize the conditions for expression and purification of Notch 
ligands, in order to obtain a good quality target. The second and main goal of this thesis is to develop 
a function blocking antibody against the ligands produced, using the phage display technology. Aiming 
at the inhibition of the interaction between the notch receptor and its ligands, it is expected that the 
produced antibodies can be used in therapeutics for breast cancer, since this disease has been 
related with an abnormal function of the Notch signalling pathway. Finally, we also pretend to gain 
some structural insights by solving the 3-D structure of the Notch ligands alone and in complex with 
the specific antibody, in order to understand the interactions between them and contribute to the 



























2- Materials and methods 
 
 
2.1 Molecular Biology 
All primers were all designed using CloneManager Suite 7 software and synthesized by 
StabVida. PCR steps were performed in the Thermal cycler - MyCycler (Bio-Rad). For DNA extraction, 
Miniprep kit from Thermoscientific was used. DNA purifications were made using either 
ThermoScientific GelPure Kit or NzyTech Gel Pure kit. Quantification of the pure DNAs was performed 
by spectrophotometry using NanoDrop ND-1000 spectrophotometer (Alfagene). All steps of cloning 
were monitored by electrophoresis using 1% agarose gels. To transform DNAs in cloning steps, 
electrocompetent DH5α (see Section 5.2 for strains genotype) were used and transformed by 
electroporation (2500 volts shock), using the Eletroporer (Eppendorf). 
 
           2.1.1 Notch ligands cloning 
  
2.1.1.1 pET-47b (+) (E.coli) and pHL-sec (mammalian – HEK293T) 
Twelve different constructs of three of the Notch I ligands – DLL1, Jag1 and Jag2, were previously 
cloned in pET47b (+) and pHL-sec vectors by Margarida Silva in her MSc (Silva, 2014) as summarized 
in Table 2.1. 
   
2.1.1.2 pETfh8  
In order to increase the expression of the ligands in the soluble fraction in the E.coli strain 
used, a different vector was chosen, pETfh8, containing Fasciola hepatica antigen 8kDa (Fh8) tag. 
hDLL1_MNNL-DSL and hDLL1_MNNL-EGF3 constructs were cloned in this plasmid. 
Amplification of the fragments was achieved using the following PCR mix: hDLL1 cDNA 
(dilution 1:100), 0.4 mM of deoxynucleotides tri-phosphate (dNTPs), 0.4µM of primers forward and 
reverse (see table 2.1), 1x Pfu buffer, 1.25 units of Pfu polymerase and RNase free water to a final 
volume of 50µL. The program used began with a denaturing cycle at 95°C during 4 minutes, followed 
by 35 cycles of a denaturing step (95°C) of 30 seconds, annealing step (54-62°C) for 30 seconds and 
extension step (72°C) for 2 minutes. Finally 1 additional extension step was carried out for 10 minutes 
at 72°C. Amplified fragments were purified from the agarose gel and both fragments and plasmid were 
digested during 4 hours at 37ºC. hDLL1_MNNL-DSL and pETfh8 were digested with NcoI/XhoI, while 
hDLL1_MNNL-EGF3 was digested with PciI/XhoI. NcoI enzyme was not used for the second fragment 
because it cuts inside the fragment. So, in alternative, a complementary restriction enzyme, PciI, was 
chosen. After heat inactivation of the enzymes at 85ºC and purification of the digested DNA, ligation 
was carried out using 2.5 units of T4 DNA ligase together with 1x Buffer T4 Ligase and two different 
proportions vector:insert, namely 1:3 and 3:1. The mixture was incubated overnight (o/n) at 16°C, 
transformed in DH5α and plated in LB agar plates with 50µg/mL of kanamycin. On the next day, 
colony PCR was carried out to evaluate the ligation outcome. The reaction mix components were: 
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1mM of dNTPs, 0.4mM of the same primers mentioned before, 1.25 units of Taq DNA Polimerase and 
respective buffer (1x), 2 mM of MgCl2, 4% dimethyl sulfoxide (DMSO) and RNase free water to 
achieve a final volume of 25µL per reaction. The program was similar to the one used in the 
amplification step with the following alterations: the first denaturing cycle was at 95°C, and 30 cycles 
were used with 59ºC for annealing. After analysing the colony PCR results, DNA of the positive hits 
was extracted and digested with XhoI/HindIII to recheck if the colonies presented the correct fragment. 
DNA of the positive colonies was also sent for sequencing by Stabvida or GATC. Finally, DNA from 
the chosen colonies was transformed in BL21(DE3)Star/pRARE2 and plated in LB Agar with 
chloramphenicol at 30µg/mL and kanamycin at 50µg/mL for further protein expression tests. 
 
Table 2.1 -  Primers used to amplify Notch ligands. R.E. – Restriction enzymes. The letters in bold represent 
the restriction enzymes sites. The underlined letters represent the linker between the ligand and the tag. (F) – 
forward primer; (R) – reverse primer. 











MNNL EcoRI 5'- GAGTATCAGAATTCCGTGACCTGTGATGAC  - 3’ (F) 
DSL EcoRI 5'- GCAGGCAAGCTTAGCCTATTCACAGTTGG - 3’ (F) 
EGF3 HindIII 5'- GCAGTAAGCTTTCAGTTATGAGCAGTTCTTG - 3’ (R) 
EGF9 HindIII 5'- GTGCAGAATTCACGTCCGATGGGTTATTTTG - 3’ (R) 
hJag2 
MNNL EcoRI 5'- CTGCAGAATTCTGTTCGCTGCGATGAAAAC - 3’ (F) 
DSL EcoRI 5'- CGTGCAGGCAAGCTTCGCTTATTCACAGTTGC - 3’ (F) 
EGF3 HindIII 5'- CACGGTAAGCTTGGCTAGCTACAGTTTTTAC - 3’ (R) 
EGF9 HindIII 5'- CCTTGAATTCTCAGGTCTGGAGCTC - 3’ (R) 
hDLL1 
MNNL EcoRI 5'- CTCAAGAATTCCTACCGCTTCGTGTGTG - 3’ (F) 
DSL EcoRI 5'- CTCGTCAAGCTTCAGCTAGCAGGTGGCACC - 3’ (F) 
EGF3 HindIII 5'- CGTCAAGCTTGTCCTAACAGTGCCTCCC - 3’ (R) 









MNNL AgeI 5'- CCAAGGTGACCGGTGCCTCGGGTCAGTTCG - 3’ (F) 
DSL AgeI 5'- GCATGATCAACCCCACCGGTCAGTGGC - 3’ (F) 
EGF3 KpnI 5'- GCAGGCGGTACCAGCAATTTCACAGTTGG - 3’ (R) 
EGF9 KpnI 5'- GCTGCGGGTACCGTCTTTCAGGTGTGAGC - 3’ (R) 
hJag2 
MNNL AgeI 5'- GCACTGACCGGTCAGGCACGACGTCCG - 3’ (F) 
DSL AgeI 5'- ATGATCACCGGTGAAGACCGCTGGAAATCACTGC - 3’ (F) 
EGF3 KpnI 5'- CGGGTTAGAGGTACCGGCATGTTCCGC - 3’ (R) 
EGF9 EcoRV 5'- CGACAGGCACCACCCGATATCGGTTCACG - 3’ (R) 
hDLL1 
MNNL AgeI 5'- GTGTCAGACCGGTAGCTCTGGGGTGTTCG - 3’ (F) 
DSL AgeI 5'- CGGTCGGCACCGGTTGGTCCCAGGACC - 3’ (F) 
EGF3 KpnI 5'- GGTGACACTCGGTACCCCCCAGCTCGC - 3’ (R) 






2.2 Protein expression in E.coli 
 
2.2.1 Expression tests 
In order to achieve an optimal expression in E.coli, several conditions were tested for nine of 
the constructs of pET47(b)+. Bacteria strains BL21Star (DE)/pRARE2 or BL21(DE3) were transformed 
with pET47(b)+ cloned with Notch ligands and also with pGRO7, a plasmid that contains two 
molecular chaperones GroEL and GroES. 
First, a pre-inoculum was prepared with 5mL of Luria-Bertani broth (LB) medium with the 
appropriated antibiotics, inoculated with a loop of bacteria and incubated overnight at 37ºC and 250 
rotations per minute (rpm). On the next day, the cultures were prepared using 20mL medium, 
antibiotics and pre-inoculum in a certain volume that the final starting OD600nm was approximately 0.05. 
The culture was grown until the chosen OD600 for induction and 0.1 or 0.5mM of Isopropyl β-D-1-
thiogalactopyranoside (IPTG) and L-arabinose (to induce pGro) at 4mg/mL were added. A sample of 
non-induced culture was taken before induction to be used as a negative control. After induction 
(culture with OD600nm = 0.8-1) two samples of the culture corresponding to 1OD (optical density), 
together with the non-induced sample, were centrifuged at 13200xg and 4ºC, during 15 minutes. 
Pellets from the non-induced sample and of one of the samples taken after induction were 
resuspended in 1x Loading buffer (see Section 5.3). The remaining pellet was used for cell lysis to 
separate the soluble fraction from the insoluble one. The pellet was resuspended in BugBuster 
10xProtein-Extraction-Reagent (Millipore) supplemented  DNase I, incubated during 15 minutes on ice 
and centrifuged at 13200xg and 4ºC, during 15 minutes. After centrifugation, the supernatant was 
transferred into a new tube and 4x Loading Buffer was added to premake the same final volume of the 
other samples. Pellet was resuspended in 1x Loading  Buffer and all the samples prepared were 
stored at – 20ºC. All the results were monitored by Sodium Dodecyl Sulphate Polyacrylamide Gel 
electrophoresis (SDS-PAGE) and/or Western Blot analysis using Penta-His as primary antibody 
(dilution 1:2000) and anti-mouse horseradish peroxidase (HRP)-conjugated as secondary antibody 












5'- GCTCCATGGCATCCATGGGCTCCCAGGTCTGGAGCTCTGGGTGT- 3’ 
(F) 
5'- GCTACATGTTGTCCATGGGCTC CAGGTCTGGAGCTCTGGGTGT - 3’ 
(F) 
DSL XhoI 5' -TGACTCGAGCAGCAGTAGGGCCCTTTCCAG - 3’ (R) 
EGF3 XhoI 5'- GCGCAGGTACCCTCGTTGTCGTCACAGTGC - 3’ (R) 
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2.2.2 Expression and purification of hDll1-DE3 – E.coli 
The protein was obtained from refolding of inclusion bodies and for that, two different protocols 
were used. All the steps from expression to purification were monitored by SDS-PAGE and Western 
blotting, and protein quantification was measured by UV spectrophotometry at A280. 
2.2.2.1 Solubilisation with Guanidine-HCl and L-arginine refolding  
The first protocol was adapted from previous tests made by Margarida Silva, MSc (Silva, 
2014). Buffers composition is described in Appendix 5.3.1.1. First, 2L of culture (BL21 Star(DE)/prare2 
transformed with pET47(b)+_hDLL1-DE3) were grown in Power Broth (PB) medium with kanamycin 
(50µg/mL) and chloramphenicol (30µg/mL) and when the OD600nm was 0.9 the culture was induced 
using 0.5mM IPTG and incubated o/n at 20°C. The bacterial pellet was obtained by centrifuging the 
culture at 7500xg, at 4ºC for 30 minutes and stored at -80ºC. Cell lysis was performed resuspending 
the pellet in Lysis Buffer A and sonicating the cells for 3-4 minutes (10 seconds on; 10 seconds off) 
with an amplitude of 35%. Then the culture was centrifuged at 10 000xg, at 4ºC during 30 minutes. 
Inclusion bodies were then washed with two washing solutions – Wash IA and Wash IIA. The pellet 
obtained was resuspended in Wash IA on ice and centrifuged 15 minutes at 30 000xg and 4ºC. This 
procedure was repeated four times and finally the pellet was resuspended in 15mL of Wash IIA on ice 
and centrifuged during 15 minutes at 30 000xg and 4ºC. The supernatant was discarded and the 
pellet, containing the pure inclusion bodies, was resuspended in 10mL of Solubilisation Buffer A, that 
was prepared with guanidine-HCl to denature (solubilise) the inclusion bodies, and incubated o/n at 
4ºC and gentle agitation. After incubation, the solution was centrifuged for 30 minutes at 4ºC, and 
16 000xg. The supernatant was collected into a new tube and stored at -20ºC before proceeding with 
refolding. The total amount of protein was measured in order to calculate the volume of refolding 
buffer in which the inclusion bodies had to be diluted. The refolding was achieved diluting the protein 
to a final concentration of 0.1mg/mL.  For that, the denatured inclusion bodies were added dropwise to 
the Refolding Buffer A, at 4ºC, and gentle agitation, and the mixture was incubated for 48h. After, the 
refolded inclusion bodies were filtered (0.22µm filter) and the protein was concentrated in a Diaflow 
(Molecular weight cut-off (MWCO) of 10 kDa). 
Purification was achieved by performing a desalting step to remove the components present in 
the Refolding Buffer, where two HiPrep 26/10 Desalting columns were used in series. The columns 
were first equilibrated with the Desalting Buffer and after, the refolded protein was injected at 1-
2mL/min. 2 peaks of each injection step were collected - 1
st
 peak corresponding to the protein in the 
new buffer and the 2
nd
 peak corresponding to the old buffer. The selected fractions were pooled and 
concentrated using Diaflow and AMICON (MWCO 10KDa). Finally, the protein aliquots were froze in 
liquid nitrogen and stored at -80ºC. 
 
2.2.2.2 Solubilisation with urea and refolding 
In order to improve the yield of purified protein, a new protocol adapted from Zhao et al, 2009 
was followed.  The expression of the protein was the same mentioned before (Section 2.2.2.3). Cell 
lysis was performed in Lysis Buffer B using three cycles in French Press followed by centrifugation at 
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10 000xg, at 4ºC during 30 minutes. The pellet was initially resuspended 4 times in solution Wash IB 
and centrifuged at 15000xg, for 15 minutes at 4ºC, and secondly resuspended 1 time in solution Wash 
IIB and centrifuged in the same conditions. Solubilisation was achieved with urea by resuspending the 
pure inclusion bodies in Solubilisation Buffer B (9mg pellet - 81 mL buffer) and incubating in agitation 
for 1 hour at 37ºC. The mixture was centrifuged at 4ºC, 16 000xg for 15 minutes. The supernatant was 
added dropwise to 800mL of Refolding Buffer IB with agitation at 4ºC and after that 800mL of the 
Refolding Buffer IIB was added dropwise to the mixture in order to adjust the pH to 9.1. The mixture 
was incubated at 4ºC with gentle agitation during 24h and the solution containing the refolded protein 
was filtered and stored at 4ºC before purification. 
All the purification steps were performed at 4ºC in Akta Prime (GE Healthcare). The first step 
of purification was an anionic exchange chromatography (AIC) using a HiPrep Q HP 16/10 that was 
pre-activated with 1 column volume (CV) of Buffer AIC-B and then equilibrated with Buffer AIC-A. The 
protein was injected o/n and was eluted using a NaCl gradient (0-100% in 200mL) with Buffer AIC-B. 
After, a 5mL Histrap FF column was used, equilibrated with Buffer Histrap A and injecting o/n. Two 
injections were made. Before the first injection the column was washed with 10 CVs of Buffer Histrap 
B and the protein was first eluted with an imidazole gradient using Buffer Histrap C (0-100% in 100mL) 
and with Buffer Histrap D using 3 steps – 25%, 50% and 100%.  On the second injection, the elution 
was made with a gradient of imidazole using Buffer Histrap D (0-100%). All pools obtained were 
concentrated and changed to a final Buffer – 20mM Tris-HCl, 300mM NaCl. Finally, the protein was 
distributed in aliquots and froze with liquid nitrogen to store at -80ºC. 
 
2.3 Protein expression in mammalian cells HEK293T 
 
2.3.1 Cell culture 
To express Notch ligands in mammalian cells Human Embryonic Kidney 293T cell line - 
HEK293T was used. These adherent cells were maintained using Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) at 37ºC with 95% humidity and 5% CO2 
atmosphere. Sub-culturing was performed when the cells reached 85-95% confluency using PBS for 
to the wash step, and 0.05% Trypsin-EDTA for 5 minutes to detach them. To inactivate the trypsin 
DMEM supplemented with 10% FBS was used. The cells were diluted 1:10 or 1:20 depending on the 
interval between sub-cultures. To keep track on the efficiency of sub-culturing, cells were counted 
using the heamacytometer with Tryptan Blue Dye and the appropriate dilution to allow counting 20-50 
cells per square (4 diagonal squares were counted in each site of the heamacytometer). 
 
2.3.2 Expression tests in HEK293T 
Transient transfection of HEK293T cells using the constructs hDLL1-DE3, hDLL1-DE6, hJag1-
ME3, hJag2-DE3, hJag2-ME3 and hJag1-ME9 in pHL-sec was carried out. The empty pHL-sec vector 
(i.e. no fragment cloned) was always included as negative control. Cells were seeded using DMEM 
supplemented with 10% FBS and 100 mg/ml penicillin and 100U/ml streptomycin and were incubated 
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o/n at 37ºC with 95% humidity and 5% CO2 atmosphere. On the next day, cells medium was discarded 
and replaced by fresh DMEM with serum. Cells were transfected using polyethylenimine (PEI) at 
1µg/µL and a 3:1 or 2:1 PEI:DNA ratio, depending on the PEI batch. Also, different final concentrations 
of DNA were also tested. Transfection efficiency was evaluated using as a positive control the 
pAAVPURO kindly provided by Gabriela Silva, PhD. This vector has the green fluorescent protein 
(GFP) cloned that allows the visualization of transfected cells by fluorescence microscopy (Leica 
Microsystems GmbH). After transfection, the medium was removed, centrifuged at 13 200xg for 5 
minutes at 4ºC and the supernatant was collected to a new tube. A sample of the collected 
supernatant was mixed with 4x Loading Buffer and was analysed by Western blot.  
                                                                                    
2.3.3 Expression and purification of hDLL1-DE3 in HEK293T 
Production and purification of the protein was achieved using T225cm
2
. Two purifications were 
performed and all the buffers are described in Appendix 5.3.2. All the steps from expression to 
purification were monitored by SDS-PAGE or Western Blot. 
2.3.2.1 First strategy 
Ten 225cm
2 






used. On the next day, cells were at 75% confluence approximately and were 
transfected using a PEI:DNA ratio of 2:1 (45µg of DNA per T-flask) and subsequently incubated for 
72h in DMEM + 2%FBS at 37ºC and 5% CO2. Transfection efficiency was evaluated using pAAVpuro 
with GFP at 48h post-transfection. After 72h, the culture media from each T-flask (45mL x 10 = 
450mL) was removed and centrifuged at 2000xg for 20 minutes. The supernatant was collected, 
filtered (0.22µm filter), concentrated in a Vivaflow 200 (MWCO 10kDa) and washed with DMEM until a 
final volume of 80mL. The medium was again filtered, froze using liquid nitrogen, and stored at -80ᵒC. 
Purification was achieved performing a Histrap affinity step followed by Size Exclusion 
Chromatography (SEC) step using an Akta Purifier system (GE Healthcare). A Histrap FF 5mL column 
was equilibrated with Buffer Histrap 1A and the sample was filtered and injected at 1 mL/min. The 
column was then washed with 10 column volumes (CV) of Buffer Histrap 1B and when the UV line 
was stable, the protein was eluted with 3 steps of imidazole using Buffer Histrap 1C – with 20%, 50% 
and 100%, respectively, finalized by 100% of Buffer Histrap 1D. The pool collected from the Histrap 
was concentrated in an Amicon Ultra Centrifugal Filter (MWCP 10kDa) to a final volume of 2,5mL, and 
subsequently injected in a HiLoad 16/600 Superdex 75 pg column. The SEC column was previously 
equilibrated with Buffer SEC 1 and the protein was injected at 1mL/min. Finally the protein was 
concentrated using an Amicon (MWCO 10kDa) and quantified using Bradford method. Protein was 
aliquoted and froze in liquid nitrogen to store at -80ºC. 
 
2.3.2.2 Second strategy 
In a second production, thirty three 225cm
2 
t- flasks were seeded and transfected using the 
same conditions mentioned for batch 1. The culture medium was collected after 48h and treated the 
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same way that in Section 2.3.2.1 with the exception that a cocktail of protease inhibitors was added to 
the medium after centrifugation. After concentration in a Vivaflow 200 (MWCO 10kDa) the volume was 
45mL and the medium was filtered and froze in liquid nitrogen to store at -80ºC.  
This purification was made at 4ºC using both an Akta Prime and Akta Purifier systems (GE 
Healthcare). Two steps were carried out – a Histrap affinity followed by SEC. The Histrap FF column 
was equilibrated with Buffer Histrap 2A and the sample was filtered and injected at 1,5mL/min. 
Washing was performed using Buffer Histrap 2A and when the UV line was stable, the protein was 
eluted with 3 steps of imidazole using Buffer Histrap 1B – 20%, 50% and 100%, respectively. Protein 
collected from the Histrap was pooled and concentrated using an Amicon (MWCO 10KDa) until a final 
volume of 4mL. The column used for SEC was HiLoad 16/600 Superdex 75 pg that was previously 
equilibrated using Buffer SEC 2.  Protein eluted from the Histrap was injected at 1mL/min. The pure 
protein was concentrated using an Amicon (MWCO 10KDa) and quantified by Bradford method. Then, 
the aliquots were froze in liquid nitrogen and stored at -80ºC.  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
2.4 Phage display  
 
2.4.1 Fab Library – IBET λ immune library  
Phage display library used for pannings was formerly constructed by Maria Jardim, Msc and 
Ines Barbosa, MSc using pCOMB3XSS vector as part of the Research Project FCT– PTDC/SAU-
ONC/121670/2010. This library is an immune library and it was prepared using serum from breast 
cancer patients. 
 
2.4.2 Pannings on microplates 
 Panning on microplates was performed using 96-well Nunc Maxisorp plates and hDLL1-DE3 
purified from HEK293T as target. The protocol used was adapted from Rader et al., 2001. Three 
rounds of selection were carried out and all the incubations were made at room temperature (RT) with 
gentle agitation. On the first round, one well was coated with the target at 5µg/mL in DPBS in a final 
volume of 100µL and the plate was incubated for 1 hour at RT. Also, a depletion step was added, 
using uncoated wells to eliminate unspecific and plastic phage binders. Then, both wells were washed 
3 times with 1x PBST and blocked with 250µL of 3% Milk Powder in 1x PBST for 1 hour. After 
blocking, 1x10
11 
phages ( of the IBET λ immune library)  (2µL library in 98µL of 1x PBS ) were added 
to the uncoated well (depletion step) and incubation was made for 1 hour. Selection step was 
performed by adding 90µL of the phage solution from the depletion well, mixing with 10µL of DPBS 
and incubating 1 hour. Then, the well was washed 3 times with 1x PBST and 1 time with DPBS, and 
after washing the phages were eluted by adding 100µL of TEA at 100mM for 10 minutes. Finally the 
eluted phages were transferred into a new tube with 100 µL of Tris-HCL pH 7.5 for neutralization.  
Round two was made with the same protocol of round three, but the washing steps after 
selection were as follows: 3 times with 3% Milk in 1xPBST, 3 times with 1xPBST and one time with 
DPBS. For round three, the antigen concentration was decreased, and coating of the wells with the 
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target was made using 2.5µg/mL in DPBS. 
 
 
2.4.3 Glycerol stock 
In order to store the selected phages, a glycerol stock was made for each round.  After 
infecting the culture of TG1 with the phages, 500µL of that culture were removed and centrifuged at 
5000xg at RT for 5 minutes. After centrifugation, the pellet was resuspended in LB medium, plated on 
two plates of LB Agar with ampicillin at 100µg/mL and incubated at 37ºC, o/n. On the next day, all the 
biomass was removed by scraping from the plates and mixed in 6mL LB medium with glycerol to a 
final concentration of 15%. The mixture was then divided into three cryovials and stored at -80ºC. 
 
 
2.4.4 Input and Output titration 
In order to analyse how many phages entered in the selection step, “inputs” were prepared 
using 12 wells of a 96-well plate. To each well, 90µL of LB medium was added and 10µL of phages 
from depletion step were pipetted to the first well. Serial dilutions 1:10 were performed on the 12 wells 
by transferring 10 l from the previous well to the next. After that, 90 µL of mid-logarithmic phase TG1 
(OD600=0.5) were added to each well and the plate was incubated for 30 minutes at 37ºC and 50 rpm. 
Finally 10 L of each dilution was plated in LB Agar with ampicillin at 100µg/mL and plates were 
incubated o/n at 37ºC 
To analyse the selected phages, “outputs” were prepared following this protocol: 180µL of LB 
were added to 4 wells of a 96-well plate; 20µL of TG1 infected with the phages (from selection step) 
were added to the first well and serial dilutions (1:10) were performed. 100 L of each dilution was 
plated in LB Agar with ampicillin at 100µg/mL and plates were incubated o/n at 37ºC. 
 
2.4.5 Phage Amplification 
In order to proceed to a following round of panning the selected phages have to be amplified. 
A bacterial culture is prepared by inoculating the glycerol stock (from section 2.4.3) in 30 mL of LB 
medium to a starting OD600nm of 0.05-0.07. The culture is then incubated at 37ºC and 250 rpm until it 
reaches an OD600nm of 0.5 (approximately 1h20). At this stage 4.5 mL of the bacterial culture are 
infected with M13KO7 helper phage using an MOI (mulplicity of infection) of 50:1 (helper 
phage:bacteria), and the culture is incubated for 15 minutes at 37ºC and 50 rpm. After, the culture was 
centrifuged for 5 minutes at 4000 rpm at RT, and the pellet was resuspended in 30 mL of LB with 
kanamycin at 50µg/mL and ampicillin at 100µg/mL. Phages were amplified o/n at 30ºC and 250 rpm. 
The next day phage recovery was achieved by centrifuging the culture at 4500xg for 15 minutes at 
4ºC. Then, the supernatant was filtered with a 0.22µm filter and 1/5 of the initial volume (supernatant’s 
volume) of PEG precipitation buffer (20% PEG (6000) + 2.5M NaCl) was added to precipitate the 
phages and the mixture was left 1 hour on ice. The precipitated phages were centrifuged at 6200xg, at 
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4ºC for 30 minutes and the pellet obtained (when dry) was resuspended in 200µL of 1xPBS and 
stored at 4ºC in order to be used on the next round. 
 
2.4.6 Phage pools analysis by Fab-on phage ELISA 
To evaluate if the phage pools from round 2 and 3 from the pannings showed a dose 
response towards the target a Fab-on-Phage ELISA was carried out. First, the wells of a 96-well 
Maxisorp plate were coated with the target hDLL1-DE3 at 5µG/mL, and incubated for 1 hour at RT. 
After the coating was complete the wells were washed 3 times with 1x PBST and blocked with PBST + 
5% Milk Powder for 1 hour. In parallel, in a non-treated plate, twelve dilutions (1:2) of phages from 
both pools were prepared and transferred to two plates: one previously coated with the target, and a 
second non-coated blocked plate to be used as the negative control. Phages were incubated for 1 h 
RT, and after, the wells were washed 3 times with 1x PBST. Finally for detection incubation with an 
anti-M13-HRP conjugated antibody at 5µg/mL for 1 hour was pursued. Finally, for development 50 μL 
of RT colorimetric substrate for horseradish peroxidase 3,3’,5,5’-tetramethylbenzidine (TMB) were 
added to the wells and incubated in the dark before the colour reaction became saturated, or until 
negative controls started to react. Reaction was stopped by addition of 50 μL of 2N H2SO4 per well. 
Plates’ absorbance was measured at 450 nm in Multiskan
TM
 FC (Thermo Scientific). 
 
2.4.7 Individual clones analysis  
 
2.4.7.1 Clones rescue (5mL amplification) 
To guarantee that the phages amplification was enough to have a good ELISA signal, 
amplification using 5mL of culture was carried out. First, 30 clones from round 3 (chosen randomly 
from output plates) were pre-inoculated in falcons containing 5mL of 2YT medium supplemented with 
100µg/mL ampicillin. After incubation o/n at 37ºC  and 250 rpm, inoculums for each clone were 
prepared using 60-75µL of pre-inoculum (to a starting OD=0.05) in 5mL of 2YT medium with 
100µg/mL ampicillin and incubation was carried out at 37ºC and 250 rpm until OD= 1.0. After, each 
culture was infected with helper phage M13KO7 using an MOI of 500: 1 (helper phage: bacteria), 
incubation was made for 2 hours at 37ºC, 250 rpm and kanamycin was added at a final concentration 
of 50µg/mL. Cultures were then incubated o/n at 37ºC and 250 rpm. The following day the amplified 
phages were recovered using the same protocol described above (2.4.5 Phage Amplification), but in 
this step the phages were resuspended in 225µL of DPBS. 
 
2.4.7.2 Fab-on-Phage ELISA 
In order to evaluate the specificity for the target and the display of the individual clones, the 
Fab-on-Phage protocol similar to that described in section 2.4.6.1 (Screening of phage pools by Fab-
on-Phage ELISA) was followed. The only alterations were that in this case four plates were used for 
each round, a non-coated, and three which were coated during the night with target at 5µG/mL, anti-
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M13 at 5µG/mL and anti-Fab at 5µG/mL respectively. Also, 50uL from each amplified phage 
preparation were transferred to each well of the blocked plates and incubated for one hour.  
 
2.4.8 Pannings on immunotubes 
Panning on immunotubes was performed using hDLL1-DE3 purified from inclusion bodies as 
target. The protocol used was identical to the one described for the microplates. Three rounds of 
selection were also performed and all the incubations were made at RT with gentle rotation.  
On the first and second rounds coating was made with 100µg of target in 1mL of 1x PBST. On 
the third round 50µg of target were used in 1mL of 1xPBST. Blocking was made with 3mL of 3% Milk 
in 1xPBST. The number of phages used in round 1 was 1x10
12 
and in rounds 2 and 3, 500µL of the 
amplified phages were added. To elute the phages after each selection, 500µL of TEA was added and 
incubated 10 min with gentle rotation, followed by addition of 500µL Tris-HCl 100mM pH 7.5. For 
amplification, 9.5mL of each bacterial stock culture containing the phagemid were infected with helper 
phage at an MOI of 50:1. After o/n amplification and PEG precipitation phages were resuspended in 
1mL of 1xPBS, and stored at 4ºC until further use. 
The preparation of the glycerol stock, Input and Output titration and phage amplification were 
performed with the same protocol described in Sections 3.3.3, 3.3.4 and 3.3.5, respectively.  Also, the 
selected phage pools analysis was made using the same protocol described in Section 2.3.6.1. 
 
2.4.9 Individual clones analysis 
 
2.4.9.1 Fab-on-phage expression plates and glycerol stocks 
Fab-on-Phage expression plates of 88 randomly picked clones were prepared as follows: 
200µL LB was added on each well of a 96-well plate, and each well was inoculated with an individual 
colony from the output plates from rounds 2 and 3. After, plates were incubated o/n at 37ºC and 250 
rpm.  On the next day, 20µL of the pre-inoculum were used to prepare the clone plates that were 
previously filled with 150µL of fresh LB medium supplemented with the ampicillin at 100 µg/mL. 
Bacteria were grown at 37ºC during 3 hours and then amplification was promoted by adding helper-
phage and incubating overnight at 30ºC, 200 rpm. Fab-on-phage ELISA was performed using the 
same protocol described above (Section 2.3.5.2). To the remaining volume of the expression plates  
glycerol was added to a final concentration of 15%, and the plates were froze at -80ºC, giving origin to 
the glycerol stocks plates. 
 
2.4.10 Characterization of the positive clones 
Positive Fab-on-phage ELISA clones were confirmed by colony PCR (same conditions used in 
pETfh8 – Section 2.1.1.2) using pCOMB3XSS forward and reverse primers, 5’ 
AGTGGACTGGCTGGTTTCGC 3’ and 5’ CCATGGTGATGGTGATGGTGC 3’, respectively. The 
annealing temperature used was 54ºC. Clones considered positive after colony PCR were sequenced 
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by StabVida using the same primers mentioned before. Also, these clones were digested with 
SpeI/SacI for 3 hours at 37°C and analysed in a 1% agarose gel. 
.  
2.4.11 Soluble Fab (sFab) expression in pCOMB3XSS 
For sFab expression in pCOMB3XSS, a protocol adapted from Barbas et al., 2004 was used. 
Clones were transformed in a nonsupressor strain, namely TOP 10 F’.  Pre-inoculum was prepared in 
10mL of Super Broth (SB) medium (see Appendix 5.3), supplemented with ampicillin at 100µg/mL and 
was incubated at 37°C overnight, 250 rpm. Inoculum was prepared by using 1mL of pre-inoculum in 
25mL of SB medium with ampicillin and glucose at 1%, and the culture was incubated at 37°C until 
final OD600nm = 0.8. The culture was centrifuged at 5000xg, for 20 minutes (to remove the glucose) and 
the pellet was resuspended in fresh SB medium supplemented with ampicillin. After, the culture was 
incubated at 37ºC for 1 hour (250 rpm) and then induction was made with 2mM of IPTG for 3 hours 
and 4 hours at 37ºC or overnight at 30ºC. All samples for analytics were prepared according to 
Section 2.2.1. The detection of the Fab was made by Western Blot using Anti-Fab-HRP conjugated 
antibody at a dilution of 1:5000 in 1xPBS. 
 
2.4.12 sFab Cloning and expression tests in pT7 
The DNA extracted from a few clones (pCOMB3XSS) and pT7 vector were both digested with 
SfiI for 3 hours at 50ºC. After analysing by gel, ligation of the positive clones took place. For that, 2.5 
units of T4 DNA ligase were used and using two different proportions vector:insert was used, namely 
1:2 and 2:1. The mixture was incubated for 10 minutes at 20ºC and overnight at 16°C. After, ligations 
were transformed in DH5α and plated in LB agar plates with 100µg/mL. The DNA was extracted and 
colony PCR was performed as described before (Section 2.1.1.2). Annealing temperature was 55ºC 
and the primers used were pT7 forward and reverse (universal primers). After selecting the positive 
colonies and extracting the DNA, the clones were digested with SfiI for 4h at 50ºC and transformed in 
three strains: BL21(DE3), BL21Star (DE3)/pRARE2 and Shuffle T7 express
 
. 
Expression of the Fab using pT7 was tested using the same protocol mentioned for 
pCOMB3XSS. Several conditions were tested: medium – PB, 2YT, LB; IPTG concentration – 
0.5mM,1mM and 2mM; Time of induction – 3h, 5h and overnight; Temperature – 20ºC, 25ºC, 30ºC 
and 37ºC. Also, the Overnight Express Auto Induction System from Merck was tested. 
  
2.4.13 Protein titration 
In order to access the optimal concentration of target to be used in the Phage ELISA, the 
protein was serial diluted (1:2) using 12 wells from a 96-well plate, starting at 10µg/mL or 20 µg/mL. 
Then, dilutions were transferred into a Maxisorp plate and incubated for 1h.  The wells were washed 
three times with 1xPBST and blocking was made for 1h using 250µL of 3% Milk powder in 1xPBST. 
After washing the wells again, plates were incubated with the primary antibody Anti-penta-histidines 
(QIAGEN) at 2.5µg/mL and anti-mouse-HRP conjugated. ELISA plates were developed using 3,3′,5,5′-
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Tetramethylbenzidine (TMB) and sulphuric acid 2M to stop the reagent. The signal was analysed 
using Skan it Multiskan software at 450nm. 
 
2.5 SDS-PAGE electrophoresis and Western Blot 
For SDS-PAGE electrophoresis, Invitrogen and Bio-Rad pre-cast gels were used. Before 
running the gels all the samples were boiled 5-10 minutes at 99ºC. Running was pursued with 1xMES 
buffer at 150-200 volts and during approximately 1 hour. After the run, staining was made using 
Instant Blue (Expedeon) or with Silver Staining (Bio-Rad) following the manufacturers protocol. 
Western blot technique was carried out using the same gels and protocol mentioned before. 
After running the gel, it was transferred onto nitrocellulose membrane using a NuPAGE Transfer 
Buffer and the Trans-Blot SD Semi-Dry Transfer Cell (BioRad) following the manufacturer’s 
instructions, specifically at 25 volts during 35 minutes. The membrane was further blocked with 3% 
Milk Powder in 1xPBST for 45 minutes, washed 3 times with 1xPBST during 10 minutes and 1 time 
with 1xPBS for a few seconds. The primary antibody was incubated during 1-2 hours and the 
secondary HRP-conjugated antibody was incubated during 1 hour. Between these two incubations, a 
washing step was performed following the same protocol mentioned before. After the secondary 
antibody incubation, another washing step was made and finally the signal was developed using a 
Western Lightning Plus-ECL Enhanced Chemiluminescence Substrate (PerkinElmer) and the images 
were obtained in ChemiDoc (Bio-Rad). In this work, to detect the histidine tag fusion a Penta-His (Anti-
His) was used at a dilution of 1:2000 and anti-mouse-HRP conjugated at a dilution of 1:3000. Also, an 
Anti-Fab-HRP conjugated antibody (dilution 1:5000) was also used for a direct Fab detection. 
  
2.6 Protein quantification 
To access protein’s concentration two methods were used: Bradford and spectrophotometry at 
280nm (A280). The first was performed using a calibration curve with BSA prepared in the same 
buffer of the protein. The protein was diluted in a way that the concentration was within the range of 
the calibration curve. All the samples were prepared in duplicates on a 96-well plate and 5µL of each 
sample was used. After pipetting the samples, 150µL of Reagent (Bio-Rad Protein Assay Dye 
Reagent Concentrate) was added to each well and the plate was incubated for 30 minutes protected 
from the light. Absorbance was measured at 595nm and blank-subtracted absorbance readings were 
averaged to compare with the calibration curve prepared. A280 method was made in NanoDrop using 










2.7 Thermal shift assay (TSA) 
In order to evaluate the thermal stability of the purified proteins, TSA was performed in a iQ5 
Real Time PCR Detection System from Bio-Rad, equipped with a charge-coupled device camera and 
a Cy3 filter with excitation and emission wavelengths of 490 and 575 nm, respectively.  
The samples were prepared in 96-well plates (low profile plate, Bio-Rad). Reagents were 
added to the well, to a final volume of 20µL or 50µL, following this order: protein buffer; 5-fold SYPRO 
Orange dye concentration and the protein (20, 40 or 60µg). In experiments using additives, the last 
were added to the plate in first place, followed by the protein in appropriate buffer and incubation of 30 
minutes, followed by the addition of dye at 5-fold final concentration. Before each assay, the plates 
were covered with optical quality sealing tape (Bio-Rad) and centrifuged at 2500g during 2 minutes to 
remove air bubbles. The plates were subsequently heated from 20 to 90ºC with stepwise raises of 1ºC 
on the temperature with 10 seconds equilibration time, followed by fluorescence reading. 
Protein denaturation was monitored using the fluoroprobe SYPRO Orange dye, which is 
quenched in aqueous environment, but it emits fluorescence when it binds to protein hydrophobic 
residues. This increase can be measured as function of the temperature. Melting temperature (Tm) 
was determined using the first derivative (d(Rfu)/dT) in order to extract the accurate inflection point on 
each observed transition.  
 
2.8 Protein Crystallization  
Crystallization experiments were prepared using CrystalQuick
TM
 96 Well, Greiner (Hampton 
Research) plates in a Cartesian MiniBee Robot, available in the host lab, with commercial screens 
from Molecular Dimensions or Hampton Research. The drops were made with 0.1µL protein + 0.1µL 
crystallization solution and one control drop per condition was made with protein buffer + 
crystallization solution. Each reservoir contained 35µL of crystallization solution. After making the 
drops, the plates were covered and stored at 4ºC or 20ºC. Also, the reported crystallization condition 
for hDLL1-ME6 (Kershaw et al., 2015), was used to prepare a grid screen around the published 
crystallization. Hanging-drop method was used and the drops were made on a 24-wells plate as 
follows: 0.5 μl of protein and 0.5 μl of mother liquor;  Precipitant was varied between 14% and 19% 
PEG 3350 in 100mM Bis-Tris propane, pH 7.5, 400mM potassium thiocyanate and 5mM CaCl2. The 











2.9 Functional assay for hDLL1-DE3  
 
2.9.1 Cell culture and treatments 
Human induced pluripotent stem cells (hiPSCs, Stemcell technologies) and breast cancer line 
HCC1954 (American Type Culture Collection (ATCC)), were used to assess the biologic activity of 
produced recombinant protein. Human induced pluripotent stem cells were inoculated at 4,5x10
5
 





) were seeded in T25 flasks in 4-6 mL RPMI media supplemented with 2mM L-
glutamine, 1% Hepes buffer, 0.01% beta-mercaptoethanol and 10% heat inactivated fetal bovine 
serum (FBS)(all from Gibco). All cells were cultured at 37ºC and 5% CO2. On the next day, cells at 60-
70% confluence were treated with 1.0, 2.5, 5.0 and 10µg/ml of hDLL1-DE3 and further incubated for 
2h to 24h. For each incubation period, control cells were treated with vehicle. After the incubation 
periods the culture medium was removed, cells were washed once with 1x phosphate saline buffer 
(PBS) and detached with 1x trypsin/EDTA solution (Gibco) by incubating them at 37C for 3min. The 
breast cancer cell line MDA-MB-468 from ATCC was cultured in DMEM media (Gibco) supplemented 
with 2mM L-glutamine, 10% FBS and 100 mg/ml penicillin and 100U/ml streptomycin 
(LifeTechnologies). 
 
2.9.2 RNA purification, cDNA synthesis and gene expression analysis by real-
time    quantitative polymerase chain reaction (qRT-PCR) 
Total RNA was isolated from cells using the miRNeasy Mini kit (Qiagen) or the GeneJet RNA 
Purification kit (Thermo scientific) according to the kits manufacturer's instructions. Isolated, purified 
RNA was analysed and quantified by UV spectroscopy using the NanoDrop spectrophotometer. For 
each cell type/experiment cDNA was generated from equal amounts of RNA (1.5-4 µg) by reverse 
transcription using the Advantage RT-for-PCR kit (Clontech Laboratories) or the Transcriptor First 
strand cDNA Synthesis kit (Roche) as per manufacturer's instructions.  
The mRNA expression levels of the HES-1, HEY-1, HEY-L, hJag1, hJag2, hDLL1, and 
hNotch1 genes in the different cDNA samples was quantified by real time PCR on the Roche 
LightCycler 480 (LC480) apparatus using gene specific primers (listed in table 2.2) and the FastStart 
DNA SYBR Green I mix (Roche). qRT-PCR reactions mixes were prepared in 96-well plates 
(Roche)(20µL/well) using 7µl of cDNA (previously diluted 3x in molecular biology grade H2O), 
5pmol/µL of each gene specific forward and reverse primers and 10µL of SYBR Green master mix. All 
experiments were performed in triplicate as per the manufacturer's instructions. Conditions for cDNA 
amplification were 95°C (10min), followed by 45 cycles of 95°C (10 s), 59°C (20 s), and 72°C (20 s). 
All reactions underwent a post-amplification dissociation curve determination to ensure a single PCR 
product at the correct melting temperature according to LC480 recommendations. For each sample, 
mRNA transcripts were normalized to the house-keeping hypoxanthine-guanine-
phosphoribosyltransferase (HPRT1) levels and calculated using the advanced relative quantification 
29 
 
method as per LC480 software manufacturer´s recommendations. Results are expressed as relative 
mRNA expression or as fold change relative to control cells treated with vehicle. 
 



































Foward Reverse  
hDLL1 5’ CTTCCCCTTCGGCTTCAC 3’  5’  GGGTTTTCTGTTGCGAGGT 3’  Falk et al., 2012 
HES-1 5′ CCTGTCATCCCCGTCTACAC 3’ 5′  CACATGGAGTCGCCGTA A 3’  
PrimerBank ID: 
325652058c3 
HEY-1 5’ GTTCGGCTCTAGGTTCCATGT 3’  5’  CGTCGGCGCTTCTCAATTATTC 3’  
PrimerBank ID: 
105990527c1 
HEY-L 5´ GGAAGAAACGCAGAGGGATCA 3’  5´ CAAGCGTCGCAATTCAGAAA 3’ 
PrimerBank ID: 
105990530c1 
hJag1 5’ GAATGGCAACAAAACTTGCA 3’  5’  AGCCTTGTCGGCAAATAGC 3’  Falk et al., 2012 
hJag2 5’ TGGGACTGGGACAACGATAC 3’  5’  ATGCGACACTCGCTCGAT 3’  Falk et al., 2012 



















































3 - Results and Discussion 
The results obtained in this thesis will be presented in this section in a chronological fashion. 
Firstly, we will present the feasibility tests performed to choose the best targets for production and 
purification. Secondly, we describe, step by step, each strategy, outcomes and consequently whether 
a new approach was used to tackle the project goals. At each sub-section, strategies are justified 
based on the results obtained throughout the experimental work. 
3.1 Notch ligands Expression in E.coli  
 
3.1.1 Expression screening in pET47 (b) + 
Constructs of the three Notch ligands (Jag1, Jag2 and DLL1) were built to contain a different 
domain composition but always maintaining the ligand’s minimal binding region - DSL to EGF- like 2 
(Shimizu et al., 1999), as described in the introduction. For clarity Notch ligands constructs MNNL to 
EGF-like 3, 6 or 9, will be denoted as: – ME3, ME6 and ME9 while DSL to EGF-like 3, 6 or 9 
constructs, will be designed as: DE3, DE6 and ME9.   
To produce the Notch ligands using bacteria as host, two E.coli strains were used - BL21 
(DE3) and BL21(DE3)/pRARE2. The choice of the first strain is due to its repertoire of successful 
recombinant protein expression in the literature (Daegelen et al., 2009), while the second choice will 
be explained later. Since preliminary data had shown that these ligand constructs were mostly 
expressed as inclusion bodies (Silva, 2014), several tests were performed in order to increase protein 
solubility. Different expression conditions known to affect soluble protein expression were tested such 
as: the use different host strains (BL21(DE3) and BL21(DE3)/pRARE2), growth media (LB, PB and 
M9), induction time (2-6h, and o/n), induction temperature and IPTG concentration. All described 
conditions were simultaneously tested using bacteria that co-expressed the target protein and also two 
chaperones – GroEL/GroES complex encoded by the pGro plasmid. Chaperones, and more 
specifically the well-studied system in E.coli GroEL and GroEs, are a special class of heat shock 
proteins that assist protein folding (Chen et al., 2013). 
 
Figure 3.1 - SDS-PAGE of expression tests in hJag1-ME3. Expression tests using PB medium and 2h, 37ºC; 
4h, 30ºC and 6h, 30ºC with 0.1mM IPTG. M- Marker; N- Non-induced culture; T- Total induced culture; I- 
Insoluble fraction; S- soluble fraction.  Red arrow indicates the induced protein band with the predicted 
molecular mass for this construct. 
32 
 
The tested expression conditions for the nine studied target constructs are summarized in 
Table 3.1. As an example, Figure 3.1 shows the results for homo sapiens (h) Jag1-ME3 protein 
expression in PB medium, using 30ºC and 37ºC, as induction temperature with different induction 
times (2, 3, 4 and 6h) where most of the produced protein is present in inclusion bodies. Similar 
results were obtained for most of the remaining target proteins and expression conditions (results not 
shown), except for hDLL1-DE3 (check bellow). Generally, inclusion bodies contain mostly over 
expressed protein in E.coli that undergo an intermediate state of partial folded protein, prone to 
aggregate via hydrophobic but also ionic interactions. In the case of the Notch ligands proteins, 
composed by several domains which contain many disulfide bonds, formation of these aggregates can 
be explained by the cytosolic bacterial reducing environment, which does not favour disulfide bonds 
formation. Also, the usage of strong promoters and high inducer concentrations, leads to high 
concentrations of protein in the bacterial cytoplasm. Under these conditions, the rate of protein 
production is normally much higher than the time needed for proper folding (Baneyx and Mujacic, 
2004). 
 
Table 3.1 - Conditions tested for expression of Notch ligands cloned in pET47 (b) + 






















































































 ●    ● ●      ●  ●   ●  
 ●   ●    ●    ●  ●   ●  
 ●   ●      ●  ●  ●   ●  
hJag2-ME3 
     ● ●      ●  ● ●  
 ●   ●   ●     ●  ● ●  
 ●   ●   ●      ● ● ●  
hDLL1-DE3 
 ●    ● ●      ●  ● ●  
 ●    ●   ●     ● ● ●  
 ●    ●    ●    ● ● ●  
 ●    ●      ●  ● ● ●  
 ●   ●   ●     ●  ● ●  
 ●   ●   ●      ● ● ●  
●     ● ●       ● ● ●  
  ●   ● ●       ● ● ●  
  ●   ●   ●     ● ● ●  
 ●   ●    ●     ● ● ●  
 ●  ●        ●  ● ● ●  
 ●   ●    ●     ● ●  ● 





In extreme cases, as the one shown in Appendix 5.5 (Figure 5.1) for hDLL1-ME6, no protein 
expression was detected neither in the soluble nor in the insoluble fraction, probably because the 
protein is toxic to the bacteria and so, the production of protein is impaired for its own survival 
(Corchero and Villaverde, 1998). As mentioned earlier, for hDLL1-DE3, expression of soluble protein 
was observed, using 2h at 37ºC, with 0.1mM IPTG induction or alternatively using 3h at 30ºC with 
0.5mM IPTG induction (Figure 3.2 and 3.3). Nevertheless, the protein expression yield was not high 
and a clear detection of the presence in the soluble fraction was only obtained when using Western 



























































































 ●    ● ●      ●  ● ●  
 ●    ●   ●     ● ● ●  
 ●    ●    ●    ● ● ●  
 ●    ●      ●  ● ● ●  
 ●   ●   ●     ●  ● ●  
 ●   ●   ●      ● ● ●  
●     ● ●       ● ● ●  
  ●   ● ●       ● ● ●  
  ●   ●   ●     ● ● ●  
hDLL1-ME6 
 ●    ● ●      ●  ● ●  
 ●   ●   ●     ●  ● ●  




Based on these results additional expression conditions were tested for hDLL1-DE3, including 
M9 Minimal Medium and low induction temperatures (e.g. 20ºC) which may help decreasing 
aggregation. This is due to the fact that low temperatures decrease the rate of protein synthesis and 
folding kinetics, consequently diminishing the hydrophobic interactions that are involved in protein self-
aggregation (Schumann and Ferreira, 2004; Costa et al., 2014). Also, pRARE2 codon- transformed 
BL21 Star (DE) was tested for hDLL1-DE3. This vector co-expresses rare transfer RNAs (tRNAs) that 
bacteria are not able to produce and its use leads to an optimization in the gene sequence in E.coli 
resulting in an increase in protein quantity and quality (Sorensen and Mortensen, 2005; Jana and Deb, 
2005). Unfortunately, the protein was again mostly in the insoluble fraction for all tested conditions. At 
this point, and as the soluble protein is scarce, a different strategy was considered. 
 
3.1.2 Cloning and expression tests with a solubility-inducing fusion protein 
In order to increase expressed proteins solubility, a plasmid containing a fusion tag was used - 
pETfh8. The fh8 tag, is a recently described solubility tag with approximately 8kDa (Costa et al., 
2013a). Fh8 consists of a Fasciola hepatica antigen and it has been recently reported to improve 
protein solubility for different proteins, representing a promising strategy to express difficult targets in 
E.coli (Costa et al., 2014). To express Notch ligands using this new strategy, the tag was fused in the 
N-terminal of the expressed proteins, as depicted in Figure 3.4. A linker was added between the insert 
and the solubility tag because is well described that a link spacer favours correct protein folding 




Figure 3.2 - SDS-PAGE of expression tests in hDLL1-DE3.  
Expression tests using PB medium and 2h37ºC with 0.1mM 
IPTG,3h30ºC with 0.1mM IPTG and 3h30ºC with 0.5mM IPTG. 
M - Marker; N - Non-induced culture; T- Total induced culture; I - 
Insoluble fraction; S - soluble fraction.  Red arrow pointing the 
induced band with the molecular mass predicted for this 
construct (19,5 kDa). 
 
 
Figure 3.3 -   Anti-His Western blot results 
for hDLL1-DE3 soluble fractions.  M –
Marker; S1 - Soluble fraction of 2h37ºC with 
0.1mM IPTG; S2 – Soluble fraction of 
3h30ºC with 0.1mM IPTG; S3 - Soluble 
fraction of 3h30ºC with 0.5mM IPTG. Red 
box highlights the band induced in the 





Also, the vector presents a six-histidine tag in fusion with the tag that allows detection and purification 





For the fh8 tag system, the solubility fused-tag was not sufficient to shift the equilibrium from 
the insoluble to the soluble fraction in both tested constructs (this was confirmed by Western blots in 
Figure 3.5 and 3.6). The tested conditions for this vector were: 3h at 37ºC, overnight at 18ºC and 




Figure 3.5 - Anti-His Western Blot of expression tests in pETfh8 with hDLL1_DSL. A. Expression at 37ºC for 
3h. B. Expression at 18ºC overnight. M - Marker; N - Non-induced culture; T- Total induced culture; I - Insoluble 




Figure 3.6 - Anti-His Western Blot of expression tests in pETfh8 with hDLL1_EGF3. . Results for expression 
at 30ºC overnight using colony 32 and 34. M- Marker; N- Non-induced culture; T- Total induced culture; I- 
Insoluble fraction; S-Soluble fraction. Blue box marks the bands induced in the molecular mass expected for 
6xHis-fh8-hDLL1_EGF3 fusion. 
 
Figure 3.4 - Illustration of the constructs cloned in pETfh8. Tag was cloned in the N-terminal. The linker used 




At this point, both strategies based on pET47 (b) + and pETfh8 were shown to fail in 
expressing reasonable amounts of soluble protein for crystallography and phage display approaches, 
which forced us to test another expression system.  
 
 
3.2 Expression in mammalian cells (HEK293T) 
 
3.2.1 Expression tests in pHL-sec 
After exhaustingly testing expression in bacteria, an alternative host-system was chosen. 
Expression of recombinant cells in mammalian is expensive and a very time-consuming task when 
comparing with expression in E.coli. However, mammalian cells represent the native environment of 
human recombinant proteins and it is more likely to obtain a protein with the correct native 
conformation and post-translational modifications (Aricescu et al., 2006), which may be fundamental 
for the over-expression of these targets. HEK293T cells were selected for transient expression of 
Notch Ligands cloned in pHL-SEC. Cells from HEK293 lineage are known for their large use to 
produce several types of recombinant proteins, as they grow robustly and transfection using various 
types of reagents is normally easy (Dalton and Barton, 2014).  
 A small–scale feasibility study was performed using two different types of platforms (6-well 
plates and T25cm
2
) to analyse if the expression levels were maintained. Also, different quantities of 
DNA and time post-transfection were tested. The expression of the protein was detected in the growth 
media, because the used vector, pHL-sec, contains a secretion signal fused with the recombinant 




Figure 3.7 - Anti-His Western Blot of expression tests for hDLL1-DE6 and hDLL1-DE3 in 6-well plates. Five 
quantities of DNA were tested for each construct – 0.5,1,2,3 and 5µg of DNA. M-Marker; 2a and 3a – 15µL of 
extract loaded; 2b and 3b – 30 µL of extract loaded. Red box marks the bands induced in the molecular mass 




Six different ligands were tested and analysed conditions are summarized in Table 3.2.  First, 
6-well plates were used for hDLL1-DE6 and hDLL1-DE3 and the best conditions were 2, 3 and 5 µg of 
DNA after 72h post-transfection (Figure 3.7). These three quantities of DNA were also used to test the 
remaining four constructs but the protein expression was too low or absent (data not shown) 
 
 
Table 3.2 - Conditions tested for expression of Notch ligands cloned in pHL-sec 
 
 
For hDLL1-DE6 and hDLL1-DE3 proteins the next step was to scale-up into 25cm
2 
T-flasks, 
and Western blot analysis showed similar expression levels of the two proteins when compared to the 
6-well plates experiment (Appendix 5.5 – Figure 5.2). These results are concordant with the ones 
obtained when evaluating transfection efficiency using pAAVPURO vector as control, which contains 
the GFP and allows detection of transfected cells. Figure 3.8 shows the results for hDLL1-DE3 in 6-
well plate, obtained by fluorescence microscopy, where 70-80% of the cells were transfected. Also, in 
T25cm
2 
the percentage of transfected cells appears to be similar. The protein expressed in these small 
scales was confirmed to be hDLL1 by mass spectrometry (Appendix 5.4). At this point, for hDLL1-


























 48 76 
hDLL1-DE3 
hDLL1-DE6 
●  ●     ●  ● ● 
●   ●    ●  ● ● 
●    ●   ●  ● ● 
●     ●  ●  ● ● 
●      ● ●  ● ● 
●  ●      ● ● ● 
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3.2.2 hDLL1-DE3 expression and purification 
 
3.2.2.1 First strategy 
In the initial batch, ten T-225cm
2
 were transfected with 2.5µg of DNA and the media was 
collected after 72h. The media looked yellow and contained many detached cells however, the 
successful protein secretion to the growth medium was confirmed by Western Blot (See Appendix 5.5 
– Figure 5.3).  
After centrifuging the media, the supernatant was concentrated and injected into a Histrap 
column. The chromatogram depicted in Figure 3.9 shows a first eluted peak, which corresponds to 
BSA (bovine serum albumin – originated from the FBS) and a second peak corresponding to other 
contaminants also present in the growth media. The third eluted peak corresponds to the Notch ligand 
elution, as confirmed by SDS-PAGE (Figure 3.10). hDLL1-DE3 protein fractions were pooled together  
and concentrated, and during this procedure some protein precipitation was observed. 
 
Figure 3.9 - Chromatogram of elution of hDLL1-DE3 from the HisTtrap column –first strategy. Blue arrows 
– contaminant peak; Red arrow- hDLL1-DE3 peak (Fractions 24 to 27). The steps of imidazole are marked in 
black – 20% -116mM Imidazole; 50% - 260mM imidazole; 100% - 500mM Imidazole. Column – Histrap FF 5mL. 
 hDLL1DE3HisTrap5mL 02022015 :11_UV  hDLL1DE3HisTrap5mL 02022015 :11_Conc  hDLL1DE3HisTrap5mL 02022015 :11_Fractions
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In order to further purify the protein from remaining contaminants, a SEC was performed. The 
results shown in Figure 3.11 indicate an elution volume of 110mL for hDLL1-DE3, in three inseparable 
peaks, which nevertheless, corresponds to a molecular mass higher than predicted, based on the 
column calibration curve. This can be explained by the protein overall rod shape while the column 
calibration curve was prepared using globular proteins. SDS-PAGE analysis confirmed that all three 
peaks correspond to the target protein, which may be explained by the presence of different isoforms 
or protein degradation (Figure 3.12 and 3.13). In accordance, Figure 3.16 shows the final sample 
(after concentration of SEC pool), where it is possible to see multiple bands, all confirmed by Mass 
spectrometry to correspond to hDLL1 Notch ligand. 
 
 
Figure 3.11 - SEC chromatogram for hDLL1-DE3 – first strategy. Red arrows correspond to the peaks of 
DLL1-DE3 elution (F34-44). Column – HiLoad 16/600 Superdex 75 pg. 
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Figure 3.10 - SDS-PAGE of hDLL1-DE3 elution from the Histrap column – first strategy. M- Marker; FT – 







3.2.2.2 Second strategy 
In order to increase protein yield and to possibly separate the observed different isoforms of 
hDLL1-DE3, a new batch was produced. Higher number of T-flasks were used and the culture 
medium was collected after 48h, to ensure cells were still healthy and, consequently that no protein 
degradation could occur. To further improve protein stability and prevent any degradation, the 
purification was now performed at 4ºC and protein stabilizers were used as additives to supplement 
buffers. One example is tris (2-carboxyethyl) phosphine (TCEP), a strong and stable (more stable than 
Dithiothreitol (DTT) and Beta-mercaptoethanol (BME)) reducing agent that reduces the disulphide 
bonds present in proteins thus preventing their aggregation (Bondos and Bicknell, 2003, Janson, 
2011). Also, glycerol and Brij35 were added to improve the stability of the protein during purification 
(Bondos and Bicknell, 2003). The Histrap chromatogram showed a different profile than the one 
observed previously, where the first large peak corresponds to BSA and the second peak corresponds 
to fractions containing hDLL1-DE3 (Figure 3.14) confirmed by SDS-PAGE (Figure 3.15). Fractions 
containing the protein were pooled and concentrated previous to the injection in the SEC column. 
 
 
Figure 3.12 - SDS-PAGE of elution of hDLL1-DE3 from SEC – first strategy. Pool – Fractions 34 to 44. M- 




Figure 3.13 -   SDS-PAGE hDLL1-DE3 final pool – first strategy.  M- Marker; FT – flow-through; F - 





Figure 3.14 - Chromatogram of elution of hDLL1-DE3 from the Histrap column – second strategy. Blue 
arrow –contaminant peak; Red arrow - hDLL1-DE3 peak (fractions C6 to D6). The steps of imidazole are marked 






Figure 3.15 - SDS-PAGE of elution of hDLL1-DE3 from the Histrap column – second strategy. . M- Marker; 
FT – flow-through; W1 – wash step 1; W2- wash step 2; F –fractions. Blue box – molecular mass expected for 
hDLL1-DE3. 
 
Despite all the modifications made in order to improve protein stability throughout purification, 
precipitation was detected during the concentration step leading to product loss. SEC results showed 
a completely different elution profile, where two main hDLL1-DE3 peaks could be isolated. Thus, two 
separate pools were prepared – pool 1 and pool 2 (Figure 3.16 and 3.17). After concentration, pool 1 
target protein was considered to be pure, while pool 2 was still slightly contaminated with one smaller 
molecular mass protein (Figure 3.18). 
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Figure 3.16  - SEC chromatogram for hDLL1-DE3 – second strategy. Red arrows correspond to the peaks of 




Figure 3.17 - SDS-PAGE of hDLL1-DE3 elution from SEC – second strategy. M- Marker; FT – flow-through; F 
–fractions. Blue box – molecular mass expected for hDLL1-DE3. 
 
 
Figure 3. 18 - SDS-PAGE hDLL1-DE3 final pools – second strategy. Pool 1– Fractions 35 to 44; Pool 2 – 







In the end of this second purification process highly pure protein could be obtained, but not 
without compromising the final protein yield (pool 1 - 90µg). One of the causes for the low yield may 
be the significant decrease in transfection efficiency obtained when scaling-up to T225cm
2
. Figure 5.4 
(Appendix 5.5) shows an example of one T225cm
2
 transfected with the control plasmid (pAAVpuro-
GFP), in which the percentage of transfected cells (green) is very low (only ranging from 10-20%) 
when compared to the one obtained in 6-well-plates or T25cm
2
 (70-80%) (Figure 3.8). Furthermore 
and most importantly, recombinant protein expression when using mammalian cells as host is 




 3.2.3 Assessment of target quality - hDLL1-DE3 titration 
In order to evaluate the target quality to be used in panning, the hDLL1-DE3 protein was 
titrated using 1:2 dilutions, starting at a concentration of 10µg/mL and the detection was made using 
an Anti-His antibody (Ab). Figure 3.19 shows a good dose response for hDLL1-DE3 which suggests 
that the target quality is acceptable for further experiments.  
 
Figure 3.19 - Titration of hDLL1-DE3. Concentrations are represented in Log10. The background signal was 
subtracted for each value represented. 
 
3.2.4 Selection of specific Fabs for hLL1-DE3 - Panning  
Due to the reduced protein quantities obtained in the previous section, the panning procedure 
was adapted from Rader et al., 2001 and selection was performed using 96 well microplates. Three 
rounds of selection were carried out using the same target concentration for the first and second 
rounds (5µg/mL), which was then reduced for the third round (2.5µg/mL) in order to perform a more 
tight selection step. Furthermore, a depletion step was added previously to each selection to decrease 
the number of non-specific binders. Normally, the objective of the depletion steps is to redirect the 
selection specifically towards our antigen. In some cases, for example when the target has a fusion 
tag (i.e present for purification purposes) a different molecule with the same tags should be used 
simply to eliminate phage binders specific to that moiety of the protein. Another important feature of 
depletion is when the aim is to find phages for a specific protein domain. In this case, an ideal 
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targeted. For the specific case of the panning with hDLL1 no ideal molecule was available at that time 
in the host lab, so the depletion step was merely carried out using the uncoated wells of the plate. This 
strategy is also very commonly used since the coating of 96 well plates might not be 100% efficient, 
and by depleting on uncoated wells all plastic phage binders can be removed before selection with the 
target proteins. 
All three rounds of selection were monitored by evaluating the Inputs and Outputs results. 
Inputs represent the number of phages that entered in the selection step. As for Outputs, they 
represent the number of phages that were selected. After plating the inputs and the outputs, colonies 






𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ×  𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  
𝑝𝑙𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (µ𝐿)
× 1000 
Formula 3.1 – Calculation of colony forming units per mL (cfu/mL).  
 
 
Also, Formula 3.2 was used to calculate the percentage of phage recovery in each round and the 
enrichment between rounds was estimated using Formula 3.3. 
 
𝑝ℎ𝑎𝑔𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑜𝑢𝑡𝑝𝑢𝑡 𝑝ℎ𝑎𝑔𝑒𝑠  
𝑖𝑛𝑝𝑢𝑡 𝑝ℎ𝑎𝑔𝑒𝑠
× 100 
Formula 3.2 – Percentage phage recovery. Formula adapted from Arbabi-Ghahroudi et .al, 2009. 
   
 
     𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =
𝑝ℎ𝑎𝑔𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑖𝑛 𝑟𝑜𝑢𝑛𝑑 𝑥 
𝑝ℎ𝑎𝑔𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑖𝑛 𝑟𝑜𝑢𝑛𝑑 𝑥 − 1
 
Formula 3.3 – Enrichment of recovered phages from one round to another. Formula adapted from Arbabi-
Ghahroudi et al., 2009. 
 
The results for the three selection rounds are summarized in Table 3.3. The cfu/mL values 





. Phage recovery increased from round 1 to round 2, which indicates an 
increase of target-specific phages, which was confirmed by the value of enrichment – 15,18x. As for 




, and this 
can be due to an error during titration or during library dilution when performing the depletion step. 
Unfortunately, it was not possible to obtain the Input values on the third round in order to evaluate if 
the enrichment in specific binders was higher or not. Nevertheless, the results obtained indicate that 
the panning using the microplate protocol was successful. 
Table 3.3 - Summary of hDLL1-DE3 panning. 
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3.2.5 Assessment of Phage Pools Reactivity 
In order to assess if the pools from rounds 2 and 3 presented a target dose response, phages 
from both rounds were analysed by Phage ELISA, by being serial diluted and incubated in a plate 
previously coated with the hDLL1-DE3 protein target. The typical dose response fingerprint should be 
an increase of the signal for higher number of phages until saturation is observed and the signal is 
kept at a plateau. As depicted in Figure 3.20, it is possible to observe a dose response for the more 
diluted samples - dilutions 1-4 for round 2 and 1-7 for round 3. However, and surprisingly when 
approaching higher phage concentration values the signal response clearly reduces. An hypothesis for 
this behaviour could be associated with the use of such high concentrations of phages in small 
volumes in the lower dilutions. It is known that phages are very sticky (Barbas et al., 2004) and for this 
reason, when in increased amounts the phages could be interacting among them impairing their 
ligation to the antigen. In such a case, because the phages would no longer be able to bind to their 
target, no dose response would be possible to detect. Moreover, this behaviour was also previously 
detected for two naïve libraries that were built in parallel with the one used in this work. Unfortunately, 
and since the expected result was not observed for the phage pools, individual clones were analysed 
to check whether the panning selected specific binders.  
 
 
Figure 3.20 - Titration of phages selected for hDLL1-DE3. The background signal was subtracted for each 
value represented. 
 
3.2.6. Assessment of selected individual clones reactivity  
To evaluate whether panning-selected phages displayed target-specific Fabs, an ELISA assay 
was performed. With that goal in mind, 30 clones from round 3 Output plates were randomly chosen 
and amplified using the helper phage to produce Fabs-expressing phages. As the panning step was 
performed in a small scale (microplate), and therefore using a lower number of phages when 
comparing to other scales, the amplification was performed in 5mL in order to obtain enough phage 
copies that bind the target and give a detectable signal on ELISA.  
For this assay, three types of coatings were used in order to evaluate: i. target specificity - 
using hDLL1-DE3 for coating; ii. Fab Display - using anti-Fab antibody for coating; iii. Phages 
production - using anti-M13 for coating, since this antibody recognizes the phage’s surface protein 8 
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Figure 3.21 - Fab-on-phage ELISA of individual clones selected against hDLL1-DE3. Black arrows- highlight 
clones 8 and 13 that present an ELISA signal 2,8 times higher than the background ( non-coated well). 
 
 
Figure 3.22 - Fab-on-phage ELISA of individual clones. - Comparison of Anti-Fab with hDLL1-DE3. The 
background signal was subtracted from the values obtain for the two types of coating. 
 
In Figure 3.21, it is possible to observe that only two clones presented a signal approximately 
3-fold higher than the background. On the other hand, Figure 3.22 shows the comparison between the 
signal using the target as coating and using anti-Fab Ab, where it is evident that the Fab expression 
was not ideal and the clones that present a good signal for Fab expression lack in specificity for the 
target. The signal for all clones when using anti-M13 Ab was good, confirming the presence of a high 
number of phages recovered after each round of panning (data not shown). The low number of target 
specific clones can in part be related with the limitations of the microplate technique. Normally, 1x10
13
 
phages in 1mL should be used for panning (Sblattero and Bradbury, 2000). Although the standard 
concentration of phages was not suppressed (1x10
11
 in 100µL were used), the confined space of a 
microplate’s well when compared to other surfaces (e.g. immunotubes), may be related to a less 









































clones were analysed. We cannot exclude that if a higher number of clones were analysed this may 
have resulted in the unveiling of more specific binders. So, in order to improve these results, it was 
crucial to repeat the selection procedure trying different panning strategies to obtain more target-
specific clones. 
 
3.3 Protein refolding from inclusion bodies in E.coli – hDLL1-DE3 (pET47(b)+) 
According to the above described expression screenings results (Section 3.1.1), high levels of 
protein were expressed in the insoluble fraction. In order to make a better use of this protein material 
we followed the guidelines suggested by Rudolph and Lillie (1996) and also Zhao (2009), to refold 
protein from inclusion bodies.  Inclusion bodies are dense electron-refractile particles composed by 
protein aggregates that can be formed in E.coli cytoplasm and periplasm (Carrió et al., 2000; Palmer 
and Wingfield, 2004). Inclusion bodies are mostly composed of our target protein, which may be in two 
different forms; i. native protein, easily solubilised under mild conditions; or ii. misfolded protein, which 
is basically insoluble material requiring high concentrations of denaturants to be solubilised again. 
Therefore, the major hurdle to obtain native, active protein is to find the appropriate efficient refolding 
conditions (Clark, 1998). The refolding process and the two used solubilisation strategies are 
described below. 
 
3.3.1 Solubilisation with Guanidine-HCl and L-arginine refolding  
After cell lysis, the inclusion bodies containing pellet, was well washed five times and 
centrifuged at high speed in order to separate all the remaining cell debris. The pellet presented a 
brownish colour when it was expected to be almost white, which may suggest the presence of 
unbroken cells. Samples were taken after each washing step and analysed by SDS-PAGE, as shown 
in Figure 3.23. In the first washing step (W1) many contaminants are washed away from the inclusion 
bodies fraction. The solubilisation step with denaturants was also well succeeded as it is possible to 
see in Figure 3.29 that the protein is almost pure. On this step Guanidine-HCl was used at high 
concentration (6M) to solubilize the insoluble protein fraction and DTT was used to maintain the 
disulphide bonds in the reduced state, consequently avoiding non-native intra or inter-molecular 
interactions between potential disulphide bonds (Janson,  2011). After this solubilisation the protein 
refolding was made using L-arginine, TMAO and GSSG/GSH. The first is used to help preventing 
aggregation during refolding (Arakawa and Tsumoto, 2003). TMAO, a known osmolyte, helps in 
folding by stabilizing proteins and counteracting the effect of the denaturant agent (Zou et al., 2002). 
Finally, GSSG and GSH are both used to promote the right redox environment and, consequently to 
help in the right formation of the disulphide bonds that have been destroyed during the denaturation 





Figure 3.23 - SDS-PAGE: washing and solubilisation of inclusion bodies. M - Marker; S – soluble fraction 
after bacterial lysis; W1 – washing of the inclusion bodies with buffer Wash IA; W2 – washing of the inclusion 
bodies with buffer Wash IIA; T – Total after solubilisation; Sol – Sample after centrifuging the solubilised 
inclusion bodies. Blue box marks the molecular mass of hDLL1-DE3. 
 
The refolding step was gently performed for two days with the protein diluted to a 
concentration of 0.1mg/mL. Low protein concentrations are here required to shift the equilibrium 
towards refolding, as aggregation is more likely to occur then refolding itself and more aggregation 
tend to happen when the concentration of protein is higher (Xie and Wetlaufer,1996). Also, dilution of 
the solubilized protein at a very slow rate (drop-wise) prevents aggregation and increases the 
likelihood of recovering a higher amount of refolded protein. After refolding, the protein was 
concentrated before proceeding to purification.  
To change the refolding buffer to a simpler buffer, a desalting column was used and as 
observed in Figure 3.24, the first peak corresponds to the protein and the second to the refolding 
buffer. When one applies the protein into a desalting column pre-equilibrated with the new buffer, it will 
migrate faster than the old buffer’s components – size exclusion principle, and will thus elute from the 
column under the new buffer (Porath and Flotin, 1959).  
 
Figure 3.24 - Chromatogram of Desalting – purification of hDLL1-DE3. Blue line – UV; Red line – 
Conductivity; Red arrows – peak corresponding to hDLL1-DE3 elution; Blue arrows – peak corresponding to the 
refolding buffer elution. Column – HiPrep 26/10 desalting 
 
 












After the desalting step, the purity of the protein was analysed by SDS-PAGE, using silver 
staining that due to its sensitivity allows the detection of low protein quantities. In Figure 3.25, it is 
possible to see that the eluted protein from the desalting column is more than 95% pure. So the 
protein was pooled and concentrated to be used for further experiments. 
 
 
Figure 3.25 - SDS-PAGE after desalting of hDLL1-DE3. Silver staining. Inj– Inject; P – peak of hDLL1-DE3 
elution. Blue box marks the bands induced in the molecular mass expected for hDLL1-DE3. 
 
To assess the homogeneity of the purified protein, an analytical SEC was performed. The 
columns used for this analysis are composed by more theoretical plates than the ones used during 
preparative purification, which allows a better chromatography resolution. So, using this method one is 
able to confirm whether the protein is homogeneous and whether it is composed of only one isoform. 
In Figure 3.26, it is possible to see that, according to the analytical SEC, only one major peak is 
present, which suggests this sample to be fairly homogeneous.  
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3.3.1.1 Protein thermal stability - Thermal shift assay  
The hDLL1-DE3 was analysed by thermal shift assay (TSA), which is used to evaluate 
protein thermal stability using a specific The used fluorophore binds to the hydrophobic 
residues/patches of the protein that are normally hidden from solvent and are exposed upon protein 
thermal denaturation, exhibiting fluorescence that can be detected and measured (Pantoliano et al., 
2001). 
 
Figure 3.27 - TSA for hDLL1-DE3. 20µg of protein were used. A.U – Arbitrary Units. 
 
Although high initial fluorescence is observed for hDLL1-DE3, a small thermal transition can 
be detected masked by the intrinsic background fluorescence (Figure 3.27). According to previous 
studies, the conformation of hDLL1-DE3, expected to be elongated and composed by many loops 
(Kershaw et al., 2015), may help to explain these results. Based in the TSA literature (Pantoliano et 
al., 2001,Ericsson et al., 2006), we may hypothesize that intrinsically, our target protein, may have 
some hydrophobic residues or regions slightly exposed where the fluorophore may bind. In spite of 
this, hydrophobic regions within the protein core region are still unexposed and are available for 
binding upon temperature increase and protein denaturation, thus generating the observed small 
transition. Using the derivative of the observed fluorescence increase transition, it is possible to 
estimate the melting temperature which corresponds to the temperature where the concentration of 
folded and unfolded protein is the equivalent (Niesen et al., 2007). For this protein, the estimated Tm 
was 52ºC. 
In conclusion, the final protein quality was considered good, and high purity was achieved as 
confirmed by silver staining gel. Also, the sample was found to be homogenous as only one peak was 
observed in the analytical SEC analysis. However, the amount of protein obtained from this first 





























3.3.2 Solubilisation of the Inclusion Bodies with urea 
Given that the yield of protein was not very high when using the refolding strategy with 
guanidine-HCl, a new protocol was tested in order to obtain more protein. This protocol was adapted 
from the work performed by Zhao and his team, in which an hDLL1 construct comprising the N-
terminal and the DSL domain was successfully expressed and purified from inclusion bodies (Zhao et 
al., 2009). 
To confirm that the large scale expression of this protein was well succeeded, Western Blot 
was performed (showed in Figure 3.28). The pellet was washed in the same way as in batch I. In this 
strategy however, the solubilisation step was made using urea instead of Guanidine-HCl, and the 
refolding was achieved using two different buffers. The first buffer was used to dilute the protein and 
the second to adjust the pH to a more suitable value – pH 9.1. The refolding step was also performed 
using a low protein concentration to prevent aggregation. 
After the refolding step, an anionic exchange chromatography (AIC) was performed in order to 
remove the endotoxins since they bind very tightly to this Q-sepharose (Lee et al., 2003). This step 
was very important since the produced protein will be used to perform cell-based functional assays, 
where endotoxins can interfere with the results quality. Assuming an estimated hDLL1-DE3 isoelectric 
point of 5.8, the protein was diluted in a pH 9.1 buffer, in order to make its overall charge negative and 
thus able to bind a positively-charged resin. After injecting the protein, elution was carried out by 
slowly increasing the ionic strength of the elution buffer using increasing concentrations of sodium 
chloride. The SDS-PAGE analysis clearly shows that, surprisingly, the protein was also present in the 
flow-through possibly because the capacity of the column was exceeded. The protein was also 
detected spread over most of the elution profile. One hypothesis is that the injected sample is 
composed of a heterogeneous conformation population (Figure 3.29). A one step elution would have 
contributed to the elution of a more concentrated sample, although with a likely non-homogeneous 
 
Figure 3.28 – Anti-His Western Blot of hDLL1-DE3 large scale production. M – Marker; T – Total induced 





sample, that could then be later analysed in a size-exclusion experiment. . Nevertheless, pure protein 




Figure 3.29 - Chromatogram of AIC – elution step. Blue line – UV; Green line – concentration of Buffer IEC B 




Figure 3.30 - SDS-PAGE of AIC.M – Marker; Inj – Inject; FT – Flow-through; F- Fractions. Blue arrows mark the 
molecular mass expected for hDLL1-DE3 (19,5kDa). 
It was clear that this purification step was not suitable to properly remove contaminants. The 
remaining impure fractions, as well as the flow-through were re-injected in a Histrap column in two 
different injections. On the first injection, the elution was done in a gradient up to 0.2M imidazole (to 
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remove contaminants), following  Zhao et al protocol, followed by three steps of 25%, 50% and 100% 
of Buffer with 1M imidazole to assure all protein was eluted from the column (Figure 3.31). After 
analysis by SDS-PAGE gel, a third pool was prepared with the fractions that presented a band 
corresponding to the hDLL1-DE3 protein Figure 3.32. Part of the target protein was also eluted during 
the washing steps, which is in accordance with the heterogeneous behaviour previously observed in 
the AIC step. 
 
Figure 3.31 - Chromatogram of Histrap 1
st
 injection – elution step. First panel (top)- first elution with a 
gradient of Buffer Histrap C. Second panel (bottom) – second elution with steps of Buffer Histrap D – 25% 
(287,5mM imidazole), 50% (525mM imidazole) and 100% (1M imidazole). Blue line – UV; Green line – 
concentration of Buffer Histrap C (0.2M imidazole) or Buffer Histrap D (1M imidazole); Red line – fractions. 
Column - HisTrap FF 5mL 
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Figure 3.32 - SDS-PAGE Histrap – 1
st
 injection. A. Elution with Buffer C gradient (0.2M imidazole). B. Elution 
with steps of Buffer D (1M imidazole). M – Marker; Inj – Inject; W – Wash; F – fractions; FT – Flow-through. Blue 
box – molecular mass expected for hDLL1-DE3; Black box: Description of pool 3. 
 
In the second subsequent injection, the elution was now made with a gradient up to 1M 
imidazole and fixing the concentration of imidazole when a peak was observed (Figure 3.33). This 
strategy was used to ensure a simultaneously protein elution in a minimal volume. Once again the 
protein was still detected in the washing step, as well as in all the analysed fractions, regardless of 
used imidazole concentration,, , as observed in the first injection. From this step two extra pools (4 
and 5) were prepared, in order to differentiate samples based on purity (Figure 3.34). 
 
 
Figure 3.33 - Chromatogram of Histrap 2
nd
 injection – elution step. Elution with gradient of Buffer Histrap D 
(1M Imidazole). Black arrow represents the steps where the concentration of Buffer D was fixed. Blue line – UV; 
Green line – concentration of Buffer Histrap D (1M imidazole); Red line – fractions. Column - HisTrap FF 5mL. 
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Figure 3.34 - SDS-PAGE of Histrap – 2
nd
 Injection. M – Marker; Inj – Inject; FT – Flow-through; W – Wash; F- 
Fractions; *- elution with 1M imidazole Blue arrows mark the band correspondent to hDLL1-DE3 (19,5kDa). 
 
 
All pools from anionic exchange and Histrap were concentrated and stored at -80ºC. A final 
SDS-PAGE was made in order to analyse the purity of each pool (Figure 3.35). It is possible to 
observe that, after concentration all the pools are equally pure, including pool 5 that was expected to 
contain the most contaminated sample. Contributing to this final good purification profile was also the 
concentration step using a cut-off of 10 kDa, where low molecular weight contaminants could be 
eliminated. However, we can observe the presence weak lower molecular mass protein band in the 
SDS-PAGE, which was confirmed, by mass spectrometry, to be a degraded form of hDLL1-DE3 
protein. 
 
Figure 3.35 - SDS-PAGE of hDLL1-DE3 purified from inclusion bodies. M – Marker; P1- Pool 1; P2- Pool 2; 
P3- Pool 3; P4- Pool 4; P5- Pool 5. 
 
In total, approximately 11 mg of pure protein were obtained with this new approach/protocol. 
Due to final protein quantities, we decided to use only Pool 5 for further experiences. Furthermore, this 
sample was analysed in terms of homogeneity in order to assess if it was in fact composed by proteins 
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with different conformations. However, when performing an analytical SEC, it was possible to observe 
that this sample is apparently homogeneous; suggesting that only one conformation of this protein is 
present in the final sample (as depicted in Figure 3.36). 
 
 
Figure 3.36 - Analytical SEC hDLL1-DE3 pool 5. Blue line – UV; Pink line – Inject. Column - Superdex 75 
10/300 GL. 
 
3.3.2.1 Protein thermal stability - Thermal shift assay  
The protein obtained from the second solubilisation strategy (using Urea) was analysed by 
thermal shift assay to assess the thermal stability of the sample. The result is depicted in Figure 3.37, 
and the curve obtained for this sample is comparable to the one obtained for the TSA performed for 
the protein from the first strategy (purified with Guanidine-HCl), where the initial fluorescence was very 
high but a small transition was nevertheless observed (Section 3.3.1.2). This high initial fluorescence 
seems to be a a fingerprint of this recombinant protein. However, the Tm value of 70ºC obtained for 
this second strategy, was considerably higher than the one obtained on the first strategy (52°C), which 
suggests that this new protein batch is more stable, given that this protein’s denaturation occurs at 
higher temperatures. 
 
Figure 3.37 - TSA for hDLL1-DE3 – pool 5. 60µg of protein were used. A.U. – Arbitrary Units. 
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3.3.2.2 - Biologic activity or functional characterization of recombinant protein 
 
3.3.2.2.1 Cell line evaluation 
To evaluate if the recombinant hDLL1-DE3 protein produced from refolding of inclusion bodies 
was biologically active, an in vitro assay was performed. For this purpose we first determined the 
basal mRNA levels of hNotch1 and hDLL1 in three different cell lines: human inducible pluripotent 
stem cells (iPSCs), and the breast cancer cell lines HCC1954 (low proliferative) and MDA-MB-468 
(highly proliferative and metastatic). Total RNA was obtained from these cells, cDNA was generated 
and the expression levels of these genes were evaluated by real time PCR.  The results presented on 
Figure 3.38, clearly show that the transcription levels of both hNotch1 and hDLL1 are significantly 
different amongst the three cell lines, being significantly higher in MDA-MB-468 cells. For hNotch1, the 
MDA-MB-468 cells presented mRNA levels about 470 times higher than HCC1954 cells and about 15 
times higher than iPSCs. For hDLL1, the differences obtained between each cell line were lower. 
Nevertheless, MDA-MB-468 cells had transcription levels about 2 times higher than iPSCs and about 
22 times higher than HCC1954. 
 
 
Hyper activation of the Notch signalling pathway has been related with carcinogenesis and 
more importantly with an invasive behaviour of breast cancer cells (Wang et al., 2011b). Thus, given 
that MDA-MB-468 cells were isolated from a metastatic adenocarcinoma (Cailleau et al., 1978) from 
the breast, with high-proliferative and invasive features it was expected that both Notch1 receptor and 
hDLL1 ligand were over-expressed in these cells. The HCC1954 cell line was obtained from a primary 
stage IIA, grade 3 invasive ductal carcinoma (breast cancer cells) with no metastases/invasive 
behaviour  (Gazdar et al., 1998). Therefore, when comparing the results for MDA-MB-468 with the 
ones obtained for HCC1954, a reduction of mRNA levels for both genes was anticipated in the last. 
Finally, iPSCs are reprogrammed embryonic-like pluripotent cells derived from adult cells (Takahashi 
et al., 2007). Since Notch signalling pathway is involved in differentiation and is crucial during 
embryonic development (Artavanis-Tsakonas et al.,1999), it was expected to observe considerable 
levels of hNotch1 and hDLL1 mRNA on this cells, which was the case. 
Figure 3.38 - mRNA levels of hNotch1 and hDLL1 in different cell lines. All values were normalized with 




3.3.2.2.2 Modulation of Notch1-dependent genes by hDLL1-DE3 
Given the results presented above, showing that Notch1 signalling is not hyper-activated in 
iPSCs and HCC1954 cells, contrary to MDA-MB-194 cells, these two cell lines were chosen to assess 
the bioactivity of the recombinant hDLL1-DE3 since, the activation of Notch signalling by this protein 
would be more easily detected. In these assays, the mRNA expression levels of genes belonging to 
Hes family Hes-1, Hey-1, Hey-L were evaluated, since their transcription depends on the activation of 
the Notch1 signalling pathway (Borggrefe and Oswald, 2009). The transcription levels of hNotch, and 
the Nocth-1 ligands hDLL1, hJagged2, and hJagged1 were also evaluated in response to rDLL1-DE3. 
The assay was first performed in iPSCs treated with different concentrations of hDLL1-DE3 protein (0; 
1,5; 2,5 and 5µg/mL). 
 
 
Figure 3.39 - mRNA levels of hNotch1 and hDLL1 in iPSCs in response to hDLL1-DE3. The values were 
normalized against the HPRT1 (control gene) mRNA levels in the same sample. Error bars represent the 
standard deviation between replicates. 
 
As shown in Figure 3.39, treatment of iPSCs with rDLL1-DE3 (2,5 and 5µg/mL) for 16h 
increased significantly the mRNA levels of hDLL1, and a slight increment was also detected for 
Notch1, when compared to control cells to which only protein buffer (vehicle) was added.  The Hey-L, 
Hes-1, and Hey-1 genes showed a small inconsistent modulation of their expression levels in 
response to hDLL1-DE3 in these cells (data not shown). These results may suggest that these genes 
are not much regulated by DLL1-mediated Notch1 activation in the cell lines tested. However, another 
hypothesis is that the experimental conditions used were not ideal. Probably, the addition of more time 
points, including short periods of 2 and 4 hours, may represent a good option to achieve better results.  
After observing the results for iPSCs, the expression of the target genes in response to rDLL1-
DE3 in the HCC1954 cells was analysed at different times points (2, 4, 8 and 24h). Time course and 
dose response assays performed in these cells showed that rDLL1-DE3 caused a significant increase 
in the expression levels of some of the Hes family genes in a dose and time-dependent manner. The 
mRNA levels of Hes-1 increased after 4h and 8h treatment with rDLL1-DE3, reaching expression 
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Hours after treatment 
mRNA levels of Hey-1 in HCC1954 
 
Figure 3.40 - mRNA levels of Hes-1 in HCC1954 in response to hDLL1-DE3 treatment. All values were 
normalized against HPRT1 (control gene) mRNA levels in the same sample and are expressed as fold change 
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Hours after treatment 
mRNA levels of Hes-1 in HCC1954  
 
 
Figure 3.41 - mRNA levels of Hey-1 in HCC1954 in response to hDLL1-DE3 treatment. All values were 
normalized against HPRT1 (control gene) mRNA levels in the same sample and are expressed as fold change 




For Hey-1, a modulation was also observed since its mRNA levels increased after 8h post-
treatment by 5-fold when compared to control cells. However, no dose response effect of rDLL1-DE3 
on Hey-1 expression was observed (Figure 3.41). When evaluating the expression of hNotch1 an 
increase in its mRNA levels is visible only after 24h rDLL1-DE3 treatment, mostly with 2,5 and 5µg/mL 
of hDLL1-DE3 (Figure 3.42). Finally, addition of increasing doses of hDLL1-DE3 showed no effect in 
the transcription levels of the Notch1 ligands hJagged1, hJagged2, and hDLL1, and this was also true 
for Hey-L in HC1954 cells (data not shown). 
 
Figure 3.42 - mRNA levels of hNotch1 in HCC1954 in response to hDLL1-DE3 treatment. The values were 
normalized against the HPRT1 (control gene) mRNA levels in the same sample. Error bars represent the 
standard deviation between replicates. 
 
The results for both iPSCs and HCC1954 cell lines show that rDLL1-DE3 modulates hNotch1 
in both cell lines. These findings are in agreement with previous studies described in the literature 
showing that hNotch1 is a Notch-dependent gene itself (Bone et al., 2014). On the other hand, the 
same study made by Bone and his team, suggests that hDLL1 does not seem to be a Notch-
dependent gene. Our result on modulation by rDLL1-DE3 shows an increase in the expression of 
hDLL1 in iPCSs but not in HCC1954 cells. Although it seems contradictory, these findings may be 
explained by the fact that modulation of Notch signalling pathway is cell-type specific and for the same 
cell type it depends on the cellular context (e.g. cellular differentiation stage, growth phase), and, 
consequently, different cell types may have different responses to a given stimuli (Cave, 2001). 
Overall, our results show that the hDLL1-DE3 produced from inclusion bodies is bioactive and 
is capable of modulating the Notch1 signalling pathway, since it increased the expression levels of 
Hes-1, Hey-1, and Notch1 in breast cancer HCC1954 cells and Notch1 in iPCSs. As such, the 










































mRNA levels for hNotch1 in HCC1954 
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3.3.2.3 Crystallization experiments to obtain hDLL1-DE3 3D structure 
In order to solve the crystallographic structure of hDLL1-DE3 it was necessary to generate X-
ray diffracting protein crystals. With that goal in mind, it was necessary to screen for crystallization 
conditions for the inclusion bodies refolded protein and the protein sample chosen for this purpose 
was pool 5 purified from the strategy in which the protein was solubilised with Urea. Different 
commercial screens were used and Table 3.4 summarizes all the tested conditions and screens.  
 
Table 3.4 – Commercial crystallization screens performed with hDLL1-DE3 
Screen [protein] [mg/mL] Temperature (°C) CaCl2 (mM) 
Index 
4.6 20 0 
3.0 4 5mM 
Structure 1 + 2 4.6 20 0 
ShotGun 3.2 20 0 
MIDAS 3.0 20 0 
Pact Premier 
4.1 20 10mM 
4.1 4 10mM 
JCSG+ 4.5 20 10mM 
 
Index and Structure I & II screens were tested initially. The first screen covers many different 
conditions and it is used to assess which precipitant reagent and pH is more effective for 
crystallization or to limit sample solubility. The second one comprises a group of conditions that allows 
the estimation of the solubility curve for one protein. These two screens were tested at 20ºC using a 
protein concentration of 4.2 mg/mL. The used protein concentration and incubation temperature was 
based on the available literature where Notch ligands structures are described, and in which protein 
concentrations ranging from 3.2-5.0 mg/mL were used for crystallization (Chillakuri et al., 2013; Cordle 
et al., 2008a; Kershaw et al., 2015). 
After analysing the two initial screen plates for several days, Index had 20% of the wells with 
amorphous precipitates and the remaining with crystalline precipitate, spherulites and phase 
separation. The presence of crystalline precipitate, spherulites or phase separation indicates that 
these conditions are not far from a crystallization condition (Luft et al., 2011).  As for structure I & II, 
the plate had many clear drops, and the presence of crystalline precipitates and spherulites was 
visible in the remaining drops. Given that the best conditions in Index and Structure 1 & 2 revealed a 
preference for PEG as precipitant agent, the Shotgun screen was tested, since it is composed mostly 
by PEG-based conditions. Furthermore, the MIDAS screen was also tested as it is mainly composed 
by rare crystallization solutions that are not covered by the remaining used screens. Unfortunately, 
both Shotgun and MIDAS, revealed similar results to those observed for Structure I & II.  
In order to decrease protein solubility to achieve crystallization, 4ºC was tested as incubation 
temperature in two screens – Index and Pact Premier. The first was used again since it had shown the 
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best results initially. The second (Pact Premier) is generally used to evaluate the effect of pH, anions 
and cation, with PEG as precipitant agent. In these conditions, CaCl2 was added by buffer exchange 
because it was observed by TSA that the addition of CaCl2 stabilizes hDLL1-DE3 (data not shown). 
Index was tested at 3mg/mL using 5mM CaCl2 in the protein buffer formulation. After analysing the 
crystallization drops, the majority was clear or with a few crystalline precipitate. So, the protein 
concentration was increased up to 4mg/mL and the CaCl2 concentration to 10mM, to prepare the Pact 
Premier screen. Also, 10mM of CaCl2 were used to test Pact Premier and JSGC+ at 20ºC, since these 
two screens complement each other and this combination is described as “highly effective” to find new 
crystallization hits. After analysis of all performed screens, so far no crystals were obtained. 
The reported crystallization condition used for hDLL1-ME6 was also tested (Kershaw et al., 
2015). For that, a matrix of conditions around the original one was prepared in order to further test 
crystallization. Hanging-drop method using a grid screen around the published crystallization was 
prepared: 0.5 μl of protein and 0.5 μl of mother liquor; Precipitant was varied between 14% and 19% 
PEG 3350 in 100mM Bis-Tris propane, pH 7.5, 400mM potassium thiocyanate and 5mM CaCl2. The 
plate was kept at 20ºC and analysed periodically. Unfortunately, all the drops were clear, suggesting 
that this condition is far from the right condition to promote crystallization of this protein.   
Taken all together, no crystals were obtained so far using hDLL1-DE3. Protein ligands and 
inhibitors that bind the target protein are known to help protein stabilization and propensity for 
crystallization (Bergfors, 2009), being often used as crystallization tools. In that line of thought, our 
strategy focuses now on the usage of the hDLL1-DE3 specific Fab, selected by phage display to 
promote crystallization of a Fab:hDLL1-DE3 complex that would provide epitope structural insights 




















3.3.3 Assessment of target quality for phage display - hDLL1-DE3 titration  
In order to evaluate the quality of the new batch protein that was obtained from inclusion 
bodies, a titration ELISA was performed using 1:2 dilutions, starting at a concentration of 20µg/mL and 
using Anti- His Ab for detection. The results obtained in this titration revealed that a dose response 
was present but only above 2, 5µg/mL of target concentration (Figure 3.43). 
 
   
Figure 3.43 - Titration of hDLL1-DE3 – results from 2.5 to 20µg/ml of target. The background signal was 
subtracted for each value represented.   
.   
 
Since the ELISA titration results obtained for the first hDLL1-DE3 purified from mammalian 
cells gave a clear dose response, (Section 3.2.3), the result obtained now was not expected. 
However, since the protein was purified from a different host, using a completely distinct method for 
purification, it can behave differently. Nevertheless, a dose response was still observed and the quality 
of this target was found acceptable to proceed with panning aiming at finding specific Fabs against 
this antigen. 
 
3.3.4 Panning for hLL1-DE3 obtained from inclusion bodies 
The panning was performed with the aim of selecting a specific antibody against the hDLL1-
DE3. Moreover, and since a higher amount of protein was produced, it was possible to use a different 
protocol for panning, and so immunotubes were used, in order to improve the selection efficiency in 
this panning. Three rounds were performed and were monitored by analysing the Input and Outputs 
as described in Section 3.2.4, and the results obtained were similar to those presented before (data 
not shown). Given that the results for Outputs ranged from 3.3x10
5
 cfus and 8.3x10
6
 cfus and Inputs 




, the values were representative of an apparent well succeeded 


















hDLL1-DE3  Titration (2,5-20 µg/ml) 
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3.3.5 Assessment of Phage Pools Reactivity 
As in Section 3.2.5., pools from round 2 and 3 were titrated and analysed by ELISA to access 
their response to the target. It was observed in Section 3.2.5 that the dose response did not present 
the typical pattern in which the signal starts to decrease when approaching high concentrations of 
phages. For round 2, similar results were obtained, while in round 3 no dose response was visible 
(Figure 3.44). The apparent absence of response in round 3 is probably related with the stringency 
applied in this selection, where half of the quantity of target was used (100µg in rounds 1 and 2; 50µg 
in round 3). The stringency is normally increased to promote the removal of nonspecific and low 
affinity binders, (Marks and Bradbury, 2004). However, in this case it was porbably too harsh and led 
to a decrease on the population of phages with affiinty for the target. Also, titrations of pools from 
round 2 and 3 were evaluated for their response to Anti-Fab. The test was included in order to 
evaluate the quality of the population of Fabs present on each pool. Figure 3.45 shows that a dose 
response is present in pool 2 and 3 but with the same pattern of the curves obtained for hDLL1-DE3. 
This result suggests that the response obtained for high amount of phages present in the lower 
dilutions, leads to aggregation and consequent impairment of the binding to the antigen. 
 
 
3.3.6 Assessment of selected individual clones reactivity 
Focusing on the goal of finding positive binders for the target, individual clones were analysed. 
In this case, 88 clones from each round were analysed and the three points were evaluated using 
three different molecules for coating (same as in Section 3.2.6): target specificity using hDLL1-DE, 
Fab Display using anti-Fab and phages production using anti-M13. In Figure 3.46, it is possible to 
observe that for round two, 14 clones from round 2 had a signal that was at least 4-fold higher than the 
background signal (uncoated plate). However, in round 3, only 4 clones presented a signal 4-fold 
higher that the uncoated plate, which suggests that this round did not lead to a phage enrichment 
(Figure 3.47). 
 
Figure 3.44 - Titration of pools from round 2 and 3 - 
hDLL1-DE3. The background signal was subtracted for 
each value represented. 
 
 
Figure 3 45 - Titration of pools from round 2 and 3 -
Anti-Fab. The background signal was subtracted for 
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Figure 3.46 – Individual clones selected with hDLL1-DE3 – round 2. Black arrows - Clones with a signal 
with at least a 3-fold change from the background. 
 
 
Figure 3.47 - Individual clones selected with hDLL1-DE3 – round 3. Black arrows - Clones with a signal with 















In round 2 the population of binders with affinity for the target was higher than in round 3, 
which may be related to the fact that in the last round, the selection was much more stringent since 
half of the concentration of target was used.  Repeating the third round with less stringency or 
performing a fourth round in the same conditions could help in enriching the population of phages with 
affinity for the target. There are some cases in which a good enrichment and high diversity of clones is 
already obtained in a second round of selection, and an extra panning can result in a loss of diversity. 
However, this can only be confirmed by sequencing the clones obtained from both rounds 2 and 3.  
 Nevertheless, this new panning strategy with immunotubes allowed the selection of 18 
clones, out of the 176 clones analysed (10.2%) that were considered for further expression and 
analysis in the soluble Fab format. The low number of clones recovered may be somehow related with 
two aspects: absence of a depletion molecule which allows a more efficient selection and the lack of 
enrichment from round 2 to round 3.  
When comparing the results from this panning with the ones obtained for panning on 
microplate (performed with hDLL1-DE3 from HEK293T), it is possible to see that this new strategy 
showed clear improvements. Stronger ELISA signals were obtained for some of the clones analysed 
in this new selection, namely 2 clones revealed OD450nm values bigger than 1, while in the first panning 
strategy followed the higher value obtained was 0.27 approximately. These findings suggest that 
clones with higher affinity were selected this time. Finally, is important to refer that Fab expression 
was detected in all of the 176 clones and Anti-M13 reactivity was strong for all of them, suggesting 
that the correct formation of the Fab-displaying phages was achieved. 
 
3.3.7 sFab characterization  
In total, 12 clones were chosen to proceed with characterization. First, a colony PCR was 
made to analyse if amplification of the Fab was correct (data not shown), and simultaneously the DNA 
from these clones was sent for sequencing. After analysing the results from colony PCR, sequencing 
and digestion with SacI and SpeI, only one clone out of the twelve presented the expected results and 
thus was chosen to move further.  All the genetic tests mentioned above, suggests that clone 20 was 
correctly constructed, presenting both LC an HC. Together with the signal obtained on Fab-on-phage 
ELISA, where clone 20 presented a strong signal, these findings suggest that this clone constitutes a 
promising candidate to be used for further experiments. 
 
3.3.8 sFab expression in pCOMB3xss – clone 20 
In order to express the Fab in the soluble format, some optimization steps had to be 
performed. pCOMB3XSS contains an amber stop codon between the Fab and gene III sequences 
(Vector map in Appendix  5.5). With the intention of promoting expression of the soluble Fab alone 
and turn-off the expression of the pIII fusion protein, a nonsupressor strain (Top 10 F’) had to be used 
to guarantee the reading of the stop codon. However, different conditions were tested and no Fab 
expression was detected (data not shown) 
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3.3.9 sFab expression in pT7 – clone 20 
 
3.3.9.1 Expression tests 
In order to promote soluble Fab expression, the fragment was digested from pCOMB3XSS 
with SfiI and inserted in pT7 expression vector (previously digested with SfiI). This vector contains T7 
promoter which is stronger than the lacz promoter, present in pCOMB3XSS. This difference relies on 
the affinity of the promoter sequence for RNA polymerase. The T7 RNA polymerase is described as 
being very selective and with great efficiency, which often leads to a higher protein expression (Tegel 
et al., 2011). This vector also contains a six-histidine tag, allowing protein detection and purification. 
 After confirming the cloning success (data not shown), several conditions were tested to 
obtain expression in soluble (Table 3.4). First, BL21(DE3) was tested using different mediums, IPTG 
concentrations, temperatures and times of induction. Despite all the conditions tested, the expression 
of Fab was all in the insoluble fraction (data not shown).  
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 The correct folding of a determined Fab maybe challenging due to the presence of multiple 
disulphide bonds that are required for their folding, stability and/or function (Jalalirad, 2013). As 
discussed before, disulphide bonds right formation requires a more oxidizing environment and the 
E.coli cytoplasm does not present such features, leading to a misfold of the protein and consequent 
formation of inclusion bodies (Carrió and Villaverde, 2006). With that in mind, we decided to choose to 
different strains in order to improve Fab’s solubility – Shuffle T7 express (NEB) and 
BL21Star(DE3)/pRARE2. The first constitutes an engineered E.coli that allows the stable formation of 
disulphide bonds in bacteria cytoplasm, due to a mutation in two reductases - thioredoxin reductase 
and glutathione reductase (Lobstain et al., 2012). On the other hand, as explained in Section 3.1.1, the 
BL21Star (DE3)/pRARE2 contains the plasmid that allows the expression of rare codons often 
required for the right production of the protein. After testing different conditions with these two new 
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strains, it was possible to detect Fab expression in the soluble fraction which was confirmed by 
Western blot. In Figure 3.48 is depicted the best expression condition obtained with Shuffle T7 
express that was used to proceed with scale-up and purification.  
 
Figure 3.48 - Anti-Fab Western blot of soluble Fab expression in Shuffle – clone 20. Condition: 6h at 30ᵒC, 
1mM IPTG in LB medium. M - Marker; I - Insoluble fraction; S - Soluble fraction. Blue box points the molecular 
mass expected for the Fab (LC and HC that appear as two fragments of 25kDa). 
 
 
3.4 Conclusions and future perspectives 
 
In this work we were able to optimize the expression and purification of an extracellular portion 
of human Delta-like 1 ligand, the hDLL1-DE3 construct. 
The first choice when trying to express a recombinant protein is to use E.coli as a host. 
However, despite the different tested conditions, the studied target proteins were mostly expressed as 
inclusion bodies. The extracellular domains of these protein targets, with a rod-shaped conformation 
and many disulfide bonds, are most likely making expression and purification a challenging task. 
Taking this into account, we tried to obtain the recombinant protein using a different host system - 
mammalian cells (HEK293T). Although we were able to produce and purify the target protein, the 
obtained protein yield was not enough (approximately 60µg/L) for our purposes of obtaining a function-
blocking antibody and the crystallographic structure. 
The information acquired during the initial expression tests performed in E.coli, provided 
evidences that large amounts of protein were obtained in the insoluble fraction. Also, successful cases 
reported in the literature describing the refolding of these proteins, led to the decision of following this 
strategy moving back to the bacterial expression system. In fact, after optimization of the ideal 
expression conditions, we managed to produce one of the Notch ligand targets – hDLL1-DE3 
construct that was also proved to be bioactive in cells by modulating the expression of some Notch 
dependent genes. In Table 3.5 and 3.6 a summary of the different used strategies for expression and 





Table 3 5- Summary of Notch ligands expression strategies 
Host vector Tested constructs Outcome 
E.coli 
pET-47(b)+ 
hDLL1-DE3, ME3 and ME6 
hJag1-DE3, ME3 and ME9 
hJag2-DE9, ME3 and ME9 






hDLL1-DE3 and DE6 
 hJag1-ME3 and ME9 
 hJag2-ME3 and ME9 
Successful  protein 
secretion to the 
growth medium 
 
Table 3.6 - Summary of hDLL1 – DE3 purification strategies. Condition with higher yield is marked in bold 
Host vector Construct Method Strategy 
Yield of 
protein 















First strategy 200µg 
Second strategy 90µg 
 
 
The produced hDLL1-DE3 protein was then used to select for Fab specific-binders, by using 
the phage display technology. From the several panning strategies performed one lead candidate 
clone was originated, and further used to determine the best expression conditions. After several 
attempts we were able to increase Fab solubility through expression on a modified E.coli strain – 
Shuffle T7 express. Furthermore, the hDLL1-DE3 protein was used also used for crystallization 
experiments, although no positive hits were detected so far. 
In the future, we will perform a scale-up to express and purify the selected Fab fragment. Also, 
we plan to characterise the affinity of hDLL1-DE3 with the selected Fab molecule using different 
techniques such as BLItz and Surface Plasmon Resonance (SPR). These techniques will be used to 
study the affinity and kinetics of protein-Fab interactions. Further inhibition experiments on breast 
cancer cells will also be performed to assess if the transcription levels of Notch target genes are 
decreased by the addition of the antibody fragment. Also, cell proliferation assays will be conducted to 
study the effect of the selected Fab on the growth of breast cancer cells that exhibit high level 




Several Notch ligands are associated with a pour outcome in breast cancer and so, the goal is 
to apply similar purification and expression conditions optimized here for hDLL1-DE3 construct to 
other similar proteins. The aim would be to select more specific binders for these proteins again using 
phage display technology, and validate selected candidates as potential therapeutic targets in breast 
cancer. Finally, crystallization of the Notch ligand proteins alone and in complex with Fab specific 
binders would be a final goal to structurally characterize the epitope-binding region. This will allow 
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5.1 Reagent List 
 




24-well plate (VDX plate)  Hampton Research HR3-142 
RPMI medium Gibco 12633-012 
2xyT medium Applichem A0981 
Agar Nzytech MB02902 
Agarose SeaKem 50004 
Amicon 10 kDa MWCO Millipore UFC901024 
Amicon Stirred Cell unit Millipore 8050 
Ampicillin Sigma A9518 
Anti-M13-HRP conjugated GE Healthcare 27-9421-01 
Bio-Rad Protein Assay Dye Reagent 
Concentrate 
Bio-Rad 500-0006 
Bio-Rad silver stain kit Bio-Rad 1610443 
 BME Carl Roth GmbH 4227.1 
BRIJ® 35 Detergent, 30% Aqueous 
Solution 
Calbiochem 203724 
BugBuster Protein Extraction Reagent Novagen 70584 
Calcium chloride (CaCl2) Calbiochem 3000 
Cloranphenicol Sigma C0378 
Criterion XT Precast Gel Bio-Rad 
345-0124 /345-
0125 
CrystalQuick™ 96 Well, Greiner Hampton Research HR3-281 
Deoxynucleotide (dNTP) mix Nzytech MB08604 
DMEM Gibco 41966 
DMSO Sigma 472301 
Dnase I  Roche 10104159001 
DPBS Gibco 14190 
DTT Promega  V3155 
EagI Fermentas ER0331 
EDTA Carl Roth GmbH 8040.2 
Expedeon - Protein Stain - InstantBlue Expedeon ISB1L 
FastStart DNA SYBR Green I mix Roche 04913850001 




GeneJET Plasmid Miniprep Kit Fermentas K0502 
GeneRuler 1 kb DNA Ladder Fermentas SM0311 
Glucose Sigma G8270 
Glycerol Calbiochem 4760 
Goat Anti-Human IgG (Fab specific)-
HRP conjugated 
Sigma A0293 
Goat anti-human IgG Fab specific Sigma I9010 
Goat α-mouse IgG-HRP conjugated 
antibody (Anti-mouse) 
Sigma A3682-1ML 
GSH Sigma G4251 
GSSG Sigma G4376 
Guanidine-HCl Roth 0037-1 
HiLoad 16/600 Superdex 75 pg column 
GE Healthcare Life 
Sciences 
28-9893-33 
HindIII Fermentas ER0501 
HiPrep 26/10 desalting column 
GE Healthcare Life 
Sciences 
17-5087-01 
HiPrep Q HP 16/10 column 








HisTrap FF column 
GE Healthcare Life 
Sciences 
17-5255-01 
JCSG-plus™ HT-96 screen  Molecular Dimensions MD1-37 
Imidazole Merck 1.04716.1000 
Index HT screen Hampton Research HR2-134 
IPTG Sigma I5502 
Kanamycin Sigma K1876 
L-arabinose Sigma A3256 
L-arginine Sigma W381918 
Luria-Bertani (LB) medium NzyTech MB02804 
M9 minimal medium Sigma M6030 
MaxiSorp™ ELISA Plates, Uncoated NUNC 44-2404-21 
MES Running Buffer Bio-Rad 161-0789 
MgSO4 25mM Fermentas R0971 
Milk Powder Molico n/a 
MIDAS™   Molecular Dimensions MD1-59 
Mini-PROTEAN TGX precast Gels Bio-Rad 
456-1083 / 
456-1086 
NcoI Fermentas ER0571 
Overnight Express™ Autoinduction 
System 1  
Millipore  71300-3 
Nitrocellulose membranes 
GE Healthcare Life 
Sciences 
RPN203D 
NuPAGE Transfer Buffer Life Technologies NP0006-1 
NZYColour Protein Marker II  NzyTech MB090 
PACT premier™ HT-96 screen Molecular Dimensions MD1-36 
NzyTech GelPure Kit NzyTech MB011 
PBS Tablets Calbiochem 524650 
PciI NEB R0655L 
PEG 3350 Sigma 202444 
PEG 6000 Sigma 81260 
Penta-His Antibody, BSA-free Qiagen  34660 
Penicillin streptomycin Life Technologies 15140-122 
pET47b(+) (kan
R
) Novagen 71461-3 
Pfu DNA polymerase Fermentas EP0501 
pGro7 (Cm
R
) TaKaRa 3340 
Potassium chloride (KCl) Calbiochem 7360 
Potassium phosphate dibasic Prolabo 26931.263 
Rneasy mini kit  Qiagen  74104  
Roche transcriptor first strand cDNA 
synthesis kit  
Roche  04379012001 
Power Broth (PB) AthenaES MD12-106-1 
Protease inhibitor cocktail Roche 11873580001 
SacI Fermentas ER1131 
SeeBlue® Plus2 Pre-Stained Standard Fermentas LC5925 
SfiI Roche  
SG1 (ShotGun) Screen Molecular Dimensions MD1-89 
SHuffle® T7 express competent cells NEB C3029 
Sodium Chloride (NaCl2) Carl Roth GmbH 9265.1 
Sodium phosphate monobasic Merck 1.06346 
SpeI Fermentas ER1251 
Structure 1 + 2 HT-96 Screen Molecular Dimensions MD1-30 
Superdex 75 10/300 GL column 
GE Healthcare Life 
Sciences 
17-5174-01 
SYPRO Orange Dye Molecular Probes S6650 
T4 DNA ligase Fermentas EL0011 
Taq DNA polymerase Fermentas EP0402 
TCEP-HCl Amresco K831 
TMAO Sigma 92277 
TMB Invitrogen 00-2023 
Triethylamine (TEA) Invitrogen 90279 






Triton X-100 Sigma 9002931 
Trypan-Blue 0.4% solution Gibco 25300 
Trypsin-EDTA Gibco 15250-061 
Tween-20 Sigma P7949 
Urea Sigma U1250 
Vivaflow 10kDa MWCO Sartorius VF20P0 
Vivaspin 2 10kDa MWCO Sartorius VS0201 
Vivaspin 50010kDa MWCO Sartorius VS0101 
Western Lightning Plus-ECL Enhanced 
Chemiluminescence Substrate 
Perkin-Elmer NEL104001EA 
XbaI Fermentas ER0681 
XhoI Fermentas 15231-012 
mTeSR™1 Stemcell Technologies 05857 
 











BL21 (DE3):  
F
–




) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) 
 







) galdcmrne131. Contains a plasmid encoding  argU, argW, argX, glyT, ileX, 




SHuffle® T7 express:  
 F´ lac, pro, lacIQ / Δ(ara-leu)7697 araD139 fhuA2 lacZ::T7 gene1 Δ(phoA)PvuII phoR ahpC* galE (or U) 


















)] mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 deoR nupG recA1 araD139 












5.3 Buffers and Solutions 
SDS-PAGE Loading Buffer 4x: 200mM Tris-HCl pH 6.8, 8% SDS, 0.4% Bromophenol Blue, 
40% Glycerol, 400mM BME, 44mM EDTA 
 
SB medium: 10g of MOPS (3(N-Morpholino) propanesulfonic acid) ,30g of tryptone, 20g of 
yeast extract, distilled water to final volume of 1L, pH 7.0 
 
M9 minimal medium: 1x M9 medium, 2mM MgSO4, 0.4% glucose, 0.1mM CaCl2, 0.005% 
thiamine, distilled water to a final volume of 150mL 
 
Na/KPi (Sodium / Potassium Phosphate): 1M NaH2PO4 + 1M H2HPO4 (adjust the volumes of 
each reagent to a final pH of 7.0) 
 
5.3.1 hDLL1-DE3 purification from E.coli (inclusion bodies) 
 
5.3.1.1 Solubilisation with Guanidine-HCl and refolding with L-arginine 
Lysis Buffer A- 50mM Tris-HCl, 100mM KCl, 0,5% Triton X-100, 1/2 tablet protease inhibitors,  
2% glycerol, pH 8.0 
Wash IA- 50mM Tris-HCl, 100mM KCl, 0,5% Triton X-100, pH 8.0 
Wash IIA- 50mM Tris-HCl, 100mM KCl, pH 8.0 
Solubilisation Buffer A- 50mM Tris-HCl, 100Mm KCl, 6M Guanidine-HCl, 10mM DTT, pH 8.0 
Refolding Buffer A- 50 mM Na/KPi, 300mM NaCl, 1mM EDTA, 1mM GSH, 0.1mM GSSG, 1M 
L-arginine, 1M TMAO, pH 8.0 
             Desalting- 50mM Na/KPi, 300mM NaCl, pH 8.0 
 
5.3.1.2 Solubilisation with urea and refolding  
Lysis Buffer B- 1x PBS, 1mM EDTA, 0,5% Triton X-100, 1 tablet protease inhibitors, 5mM 
DTT, pH 7.4 
Wash IB- 1x PBS, 50mM NaCl, 10mM EDTA, 0,5% Triton X-100, 1 tablet protease inhibitors, 
pH 7.4 
Wash IIB- 1x PBS , 50mM NaCl, 10mM EDTA, 1 tablet protease inhibitors, pH 7.4 
Solubilisation Buffer A- 50mM Tris-HCl, 50mM NaCl, 1mM EDTA, 8M Urea, 1 tablet protease 
inhibitors pH 8.5 
Refolding Buffer IB- 50mM NaH2PO4, 1 tablet protease inhibitors, pH 10.7  
Refolding Buffer IIB- 20mM Tris-HCl, 1 tablet protease inhibitors, pH 8.0  
           AIC-I- 20mM Tris-HCl pH 9.1 
AIC-II- 20mM Tris-HCl, 1M NaCl, pH 9.1  
Histrap A- 20mM Tris-HCl, 500mM NaCl, 50mM imidazole, pH 9.1 
Histrap B- 20mM Tris-HCl, 500mM NaCl, 60mM imidazole, pH 9.1 
Histrap C- 20mM Tris-HCl, 500mM NaCl, 500mM imidazole, pH 9.1 
Histrap D- 20mM Tris-HCl, 500mM NaCl, 1M imidazole, pH 9.1 
v 
 
5.3.2 hDLL1-DE3 purification from HEK293T  
 
5.3.2.1 First srategy 
Histrap 1A- 1x PBS, 20mM imidazole, pH 7.5 
Histrap 1B- 1x PBS, 20mM imidazole, 500mM NaCl, pH 7.5 
Histrap 1C- 1x PBS, 500mM imidazole, pH 7.5 
Histrap 1D- 1x PBS, 1M imidazole, pH 7.5 
Sec Buffer 1 - 1x PBS  
5.3.2.2 Second strategy 
Histrap 2A- 1x PBS , 20mM imidazole, 500mM NaCl 0,03% Brij 35, 10% glycerol,0,5 mM     
TCEP, pH 7.5 
Histrap 2B- 1x PBS , 500mM imidazole, 0,03% Brij 35, 10% glycerol,0,5 mM TCEP, pH 7.5 










































The protein bands, excised from a 1D-PAGE gel, were destained, reduced, alkylated and 
digested with trypsin (Promega, 6.7ng/μl) overnight at 37 ⁰C. The tryptic peptides were desalted and 
concentrated using POROS R2 (Applied Biosystems) and eluted directly onto the MALDI plate using 
0.6μl of 5mg/ml CHCA (alpha-cyano-4-hydroxycinnamic acid, Sigma) in 50% (v/v) acetonitrile and 5% 
(v/v) formic acid. 
The data was acquired in positive reflector MS and MS/MS modes using a 4800plus MALDI-
TOF/TOF (AB Sciex) mass spectrometer and using 4000 Series Explorer Software v.3.5.3 (Applied 
Biosystems). External calibration was performed using Pepmix1 (Laser BioLabs). 
The fifty most intense precursor ions from the MS spectra were selected for MS/MS analysis. 
The raw MS and MS/MS data were analyzed using Protein Pilot Software v. 4.5 (ABSciex) 
with the Mascot search engine (MOWSE algorithm). The search parameters were as follows: 
monoisotopic peptide mass values were considered, maximum precursor mass tolerance (MS) of 50 
ppm and a maximum fragment mass tolerance (MS/MS) of 0.3 Da. The searches were performed 
against a protein database UniProt with taxonomic restriction to Human (145672 sequences; 
46020319 residues). A maximum of two missed cleavage was allowed. Carboxyamidomethylation of 
cysteines, oxidation of methionines and N-Pyro Glu of the N-terminal Q were set as variable 
modifications. 
Protein identification was only accepted when significant protein homology scores were 
obtained (p<0.05, protein scores greater than 64) and at least one peptide was fragmented with a 




MASCOT SEARCH RESULTS  
 
PROTEIN VIEW  
Match to: DLL1_HUMAN Score: 145 Expect: 4.6e-010  
Delta-like protein 1 OS=Homo sapiens GN=DLL1 PE=2 SV=2  
Nominal mass (Mr): 78004; Calculated pI value: 5.85  
NCBI BLAST search of DLL1_HUMAN against nr  
Unformatted sequence string for pasting into other applications  
Variable modifications: Carbamidomethyl (C),Deamidated (NQ),Gln->pyro-Glu 
(N-term Q),Oxidation (M)  
Cleavage by Trypsin: cuts C-term side of KR unless next residue is P  







Matched peptides shown in Bold Red  
 
1 MGSRCALALA VLSALLCQVW SSGVFELKLQ EFVNKKGLLG NRNCCRGGAG  
51 PPPCACRTFF RVCLKHYQAS VSPEPPCTYG SAVTPVLGVD SFSLPDGGGA  
101 DSAFSNPIRF PFGFTWPGTF SLIIEALHTD SPDDLATENP ERLISRLATQ  
151 RHLTVGEEWS QDLHSSGRTD LKYSYRFVCD EHYYGEGCSV FCRPRDDAFG  
201 HFTCGERGEK VCNPGWKGPY CTEPICLPGC DEQHGFCDKP GECKCRVGWQ  
251 GRYCDECIRY PGCLHGTCQQ PWQCNCQEGW GGLFCNQDLN YCTHHKPCKN  
301 GATCTNTGQG SYTCSCRPGY TGATCELGID ECDPSPCKNG GSCTDLENSY  
351 SCTCPPGFYG KICELSAMTC ADGPCFNGGR CSDSPDGGYS CRCPVGYSGF  
401 NCEKKIDYCS SSPCSNGAKC VDLGDAYLCR CQAGFSGRHC DDNVDDCASS  
451 PCANGGTCRD GVNDFSCTCP PGYTGRNCSA PVSRCEHAPC HNGATCHERG  
501 HRYVCECARG YGGPNCQFLL PELPPGPAVV DLTEKLEGQG GPFPWVAVCA  
551 GVILVLMLLL GCAAVVVCVR LRLQKHRPPA DPCRGETETM NNLANCQREK  
601 DISVSIIGAT QIKNTNKKAD FHGDHSADKN GFKARYPAVD YNLVQDLKGD  
651 DTAVRDAHSK RDTKCQPQGS SGEEKGTPTT LRGGEASERK RPDSGCSTSK  
701 DTKYQSVYVI SEEKDECVIA TEV 
 




Figure 5.2 - Anti-His Western Blot of expression tests for hDLL1-DE6 and hDLL1-DE3 in T25cm
2
. Two 
quantities of DNA were tested for each construct – 2 and 3µg. M - Marker. Blue arrows - marks the bands induced 
in the molecular mass expected for hDLL1_DE6 (32,3kDa). Red arrows - marks the bands induced in the 
molecular mass expected for hDLL1_DE3 (20,2kDa). 
 
Figure 5.1 - SDS-PAGE of expression tests in hDLL1-ME6.  Expression tests using PB medium and 
2h37ºC with 0.1mM IPTG,3h30ºC with 0.1mM IPTG and 3h30ºC with 0.5mM IPTG.M- Marker; N- Non-
induced culture; T- Total induced culture; I- Insoluble fraction; S- soluble fraction.  Red arrow pointing the 






Figure 5.3 - Anti-His Western Blot of hDLL1-DE3 large scale production in HEK293T. Blue box marks the 




Figure 5.4 - Transfection efficiency evaluation after 48 hours post-transfection in T225cm
2
. Image obtained 





Figure 5.5 - Illustration of pCOMB3XSS. Adapted from Cabral, 2014. 
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